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Th i s  the s i s  presents a f i n i t e  d i f ference mod e l  and 
i t s  a s so c i a t ed computer program . The mode l  h a s  been 
d eve loped for s imu l a t i ng the pumpage and pred i c t i ng the 
wa ter tab l e  f luctua t ions correspond i ng to d i f f erent 
boundary cond i t ions . The mathema t i ca l  mod e l  s o l v e s  the 
part i a l  d i f f erent i a l  equat ion of  groundwater f low by us i ng 
the f in i t e  d i f f erence t echn iqu e s . 
The mode l  has  been ver i f i ed aga i n s t  known f i e ld 
measurements taken f rom ex i s t i ng we l l s  in AI-A i n  area . 
wa ter samp l e s  from the s e  ex i s t ing we l l s  have been co l l e c ted 
and t e s t ed i n  the U . A . E .  U n i ve r s i ty laborator i e s  to 
d e t ermine the i r  chem i c a l  chara cte r i s t i c s . A l l  f i e l d data 
have given c l o s e  r e s u l t s  to tho s e  p r e d i cted by the mod e l  
a n d  have i l lus trated t h e  r e l iabi l i ty and accura cy o f  the 
mode l .  Th i s  mod e l  can be used f or p l a n n i ng ad equa t e  pump ing 
sys t ems that w i l l  not a f f e ct s o i l  propert i e s  and w i l l  
u l t ima t e ly l ead t o  proper d e s ign o f  concrete found a t ions 
and underground s e rvices  w i thout adverse  e f f e c t s  f rom 
groundwa t e r  po l lut ion or groundwat e r  f luctua t i ons . A c a s e  
s tudy i s  p r e s ented to c l a r i fy the e f f ect  o f  t h e  groundwater 
r i s e  and chlor i d e  a ttack on the concrete bu i l d i ng 
f ounda t ions . 
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o f  water tab l e  by Mon i  tor i ng the movement 
p i e zome ters in  d i f f erent points  in  order to p r e d i c t  the  
water tab l e  change has been ach i eved by prepa r i ng a 
mathema t i c a l  mode l  a s  deta i l e d  herea f t e r . The mod e l  i s  
capab l e  t o  pred i c t  the groundwa ter l eve l s  that are 
contro l l e d  by we l l s . The mod e l  d epends o n  d i rect methods in 
s o l v i ng the par t i a l  d i f f eren t i a l  equa t i o n s  gover n i ng the 
s t eady and uns t eady f low . Th i s  mod e l  is  cons i d ered as  a 
d e s ign tool for pump i ng prob l ems w i t h  sma l l  un i f orm f in i t e  
d i f f erence gr id s . 
The ca l ibra ted and ver i f i e d  mod e l  cou ld be used to 
eva luate d i f f erent aqu i f er ' s  d eve lopmen t  p la n s . I t  can 
provide management and pred ict ion too l s ,  help i n  a s s e s sment 
o f  s a f e  y i e ld , e f f e ct o f  long t e rm changes i n  
c l imato l o g i c a l  cond i t i ons , and man-made change s a s  
urban i z at i o n , ar t i f i c i a l  recharge a n d  wa s t e  d i sp o sa l . 
The out come of  t h i s  work w i l l  become more u s e f u l  in  the 
important m i s s ion o f  environmenta l pro t e c t ion such a s  the 
concrete founda t ions  and any other und erground s t ructure s .  
The re i n f orced concrete i s  the one of  the mo s t  
important construct i o n  mater i a l s  used wor l dwi de . Genera l ly 
speak ing , i t  has exc e l l ent struc tura l and durab i l i ty 
1 
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p e r f ormance, but there are cases  o f  early concre te 
d e t er iorat ion due to a number o f  factors . Ground movement 
is an  important factor in the surround ing environment on 
the bu i ld ing foundat i on s  which a f fects  the concrete 
strength and can be cau s ed by e i ther o f  the f o l l owing 
i n c i d en t s : 
- Water Seepage, 
- Wa s t e -wa ter Po l lut ion, 
- Dewateri ng, 
Mo i s ture and Tempera ture e f f ect  on so i l, i . e . ,  
Shri nkage and Swe l l i ng, 
- Sur f a c e  ero s ion, and 
Vibrations and Shocks e f f ec t s, i . e . ,  F l ood ing, 
S e t t l ement s  and Earthquake . 
The proper d e s ign and construct ion o f  wa s t ewater and 
stormwa ter system shou l d  cons ider the ground movement due 
to water s eepage and p o l lut ion . Th i s  leads  u l t ima tely to 
ac cumu l a t i on of i n s o l ub l e  corro s ion product s  wi thin  the 
concrete pores near the emb edded sur fa ce, subs equent ly, to 
d eve lop tens i l e  hoop s t r e s s e s  and cracks . Th i s  can have 
s er ious imp l i ca t ions 
requ irements and,  in  
resul t i ng in  expen s ive ma intenance 
the long term, l o s s  of s tructura l 
integr i ty i f  no act ion i s  taken . 
Groundwa t er, wh ich here has a h igher than usua l 
c h l o r i d e  content, trave l s  up the f ounda t i ons o f  a bu i l d i ng 
by cap i l l ary a c t ion . Onc e the mo i s ture i s  above ground 
l eve l it starts  to dry, and oxygen reacts  with the 
chlor i d e s  to start the corro s i on proces s .  Because o f  the 
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way the mo i s ture comes from be low ,  mo s t  o f  the corro s i on 
and concrete deter ioration probl ems take p l a c e  j u st  above 
ground l eve l in the bu i l d ing . 
The f i n i t e  d i f f erence techn ique used i n  the mod e l  to 
p r e d i c t  the groundwat er tab l e  corr e s po nd ing to d i f ferent 
pump ing cond i t i ons . The mod e l  has been ver i f i ed aga i n s t  
known f i e ld mea sur ements taken from ex i s t ing we l l s in  A l ­
A i n  area . water s amp l e s  have b e e n  c o l l e c t ed f rom the s e  
we l l s a n d  t e s t e d  i n  t h e  U . A . E .  Unive r s i ty l aborato r i e s  to 
d e t ermi n e  the chem i ca l ,  phys ical  and b i o lo g i ca l propert i e s . 
A bu i ld ing exam inat ion was made for ex i s t i ng s ing l e  
s torey bu i ld i ng i n  t h e  w e s t ern Region o f  Abu Dhab i Em irate 
for wh ich an inve s t i g a t i on was made to prov i d e  i n f orma t ion 
o n  the ex i s t ing concrete cond it ion at the s i t e  and to 
sugg e s t  on poten t i a l  r eme d i a l  measur e s . 
The factua l r e s u l t s  o f  the f i e l dwork and l abora tory 
t e s t i ng together w i t h  an  a s s e s sment o f  the cond i t ion of the 
concrete and po s s ib l e  remed i a l  mea sures tha t may be taken 
have been deta i l ed herea f t e r . 
The mod e l  l ead to an adequa t e  pump ing sys t em that 
w i l l  not e f f e c t  the so i l  propert i e s  and w i l l  gu i d e  to 
proper d e s ign o f  concrete foundat ions  or any underground 
s ervi c e s  w i thout a ny e f f e c t s  due to the groundwater 
p o l lution or groundwater f luctuation s .  
These typ e s  o f  mod e l s  are very u s e f u l  for some o f  
t h e  governmenta l d epartments as  we l l  a s  f o r  many other 
bus i n e s s  peop l e  concerned w i th groundwa ter r e sources and 
agr i cu l ture . 
CHAPTER 2 
LITERATURE REVIEW 
In t h i s  chap ter the references  re l a ted to the the s i s  
are revi ewed w i t h  the f o l lowing sUb j e c t s : 
2 . 1 . Mod e l l i ng o f  groundwater : 
Groundwa t er mod e l s  have been u s e d  extens ive ly to 
unders tand the phenomenon o f  groundwa t er movement under 
var ious hydrogeo l o g i c  and boundary cond i t ion s . The se  
mod e l s  range f rom s imp le sandbox mode l s  to soph i s t icated 
thr e e - d ime n s iona l numer ical cod e s . 
Accord ing to s irous H .  Dj a fari  and David E .  Troxe l l  ( 1 9 9 0 ) , 
the groundwater mode l s  can b e  categor i z ed into three 
d i f f erent group s : 
2 . 1 . 1 .  Ana log mod e l s , 
2 . 1 . 2 .  Phy s i c a l  mod e l s ,  and 
2 . 1 . 3 .  Mat h ema t i c a l  mode ls . 
2 . 1 . 1 . Ana log mode l s : 
Ana log mod e l s  are  among the ear l i e s t  mode l s  d eve loped 
for groundwa ter inve s t igat ions . The two mo s t  notab l e , 
wh ich are common l y  u t i l i z ed by numerous inve s t igator s ,  are 
the v i s cous f l ow ana l og ( He l e - S haw ana log or para l l e l - p l a t e  
ana logy ) and  e l e c t r i c  ana log . 
4 
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2 . 1 . 1 . 1 .  H e l e -Shaw mod e l s : 
H e l e - Shaw mod e l s  are we l l -known devices  for two ­
d imens ional  groundwater f l ow inve s t i g a t i o n s . They are 
b a s ed on the s imi l a r i ty between the d i f f erent i a l  equat ions 
governing satura t e d  f l ow in a porous media  and tho s e  
d e s c r i b i ng the f l ow o f  v i s cous l iqu i d  in  two c lo s e ly spaced 
para l l e l  p la t e s . These mod e l s  have been u s ed for 
hor i zonta l and ver t i c a l  two - d imens iona l f low cond i t ions and 
have been succe s s fu l ly ut i l i z ed to s imu l a t e  var ious changes 
i n  hydrogeo log i ca l cond i t ions , inc l ud ing such prob l ems as  
art i f i c i a l  recharge , drainage , s e epage t hrough imp ervious 
and low-permeab l e  l e n s e s , we l l  spa c i ng ,  and p r e s entation o f  
m i s c i b l e  and imm i s c ib l e  f l ow .  S ca l e f a c t o r s  for ver t i c a l  
a n d  hor i z onta l s pa t i a l  ana log have b e en e s ta b l i shed t o  
pro j ect  t h e  obs e rved cond it ions i n  the l abora tory t o  the 
actual f i e ld cond i t ions . 
App l i cation o f  the H e l e - S haw ana log mod e l s  are a s  
f o l l ows : 
a )  The ver t i c a l  H e l e -Shaw ana log mod e l s  i s  a b l e  to  
d ir e c t l y  s imul a t e  a n  abrupt inter f a c e  b e tween two l iqu i d s  
and , hence a l so a p h r e a t i c  sur f ace . A camera i s  o f ten used 
to record the r e su l t s . Streaml ines o f  d i f f erent k inds can 
be made v i s ib l e  by a d d ing dyes . The a n a l o g  gives us  the 
spec i a l  purpose mod e l s  for so lving prob l ems of s t eady f low 
i nvo lving stat i onary or moving i n t e r f a c e s . The f low 
doma in ,  sub j ect to c e r t a i n  r e s tr i c t i on s , may be homogeneous 
or a n i s otrop i c . 
b )  The hor i zontal  p lane ana log mod e l  can s imu l a t e  ground 
6 
wa ter f l ow f or two -d ime ns iona l hor i z ontal cond i t i ons . 
Var ious l ayers inc lud ing a s em i - impervi ous layer can be 
incorpora t e d  in  the mode l .  I t  cou l d  s imu late pump ing from 
two - layered con f i ned aqu i fers  w i t h  a r t i f i c i a l  recharge . 
2 . 1 . 1 .2 . E le c t r i ca l  ana log mod e l s : 
E l e c t r i c  analog mode l s  a r e  powerful too l s  for 
s imu l a t i n g  groundwater f low i n  porous med ia . The s e  mod e l s  
are ba s ed o n  t h e  s imi l ar i ty o f  t h e  govern i ng equa t ions  o f  
f low i n  porous med ia and the curr ent i n  e l ectr ica l s y s tems . 
D i f f i cu l t ly i n  us ing the ana log mod e l s  i s  a s so c i a t e d  w i th 
e s t ab l i s h ing a we l l  representat i o n  o f  the s i te cond i t ions 
w i t h  vary i ng the aqu i f er thickne s s , boundary and i n i t i a l  
cond i t i ons . The proc e s s  is  r e l a t iv e l y  ted ious and requ ir e s  
an exper i en c e d  individual to s e t  u p  the mode l .  
2 . 1 . 2 . Phy s i ca l  mod el s : 
Phy s i c a l  mod e l s  are good repre s entat ions o f  the 
natura l porous med ia doma i n . They are  a true mode l  i n  the 
s e n s e  that both proto type and mod e l  i nvo lve f low and s o lute 
transport through porous med ia . The s e  mod e l s  are : 
2 . 1 . 2 . 1 .  S andbox mod el :  
A s andbox mod e l  i s  bu i l t  w i t h  a r i dged wat ert ight 
cont a i ner , or box , and is  f i l l ed with a porous ma t r i x  s a nd , 
powd ered or crushed g l a s s , or g l a s s  beads . I t  con s i s t s  o f  
one o r  more f lu i d s , supp ly systems , and measur i ng d ev i c e s . 
The geometry o f  the box corresponds to that o f  t he 
inve s t igat ion f l ow doma ins . 
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The sandbox mod e l  i s  used 
extens i ve ly because o f  its spec i a l  f ea tures that p erm i t  
s tud i e s  o f  f low phenomena such a s  m i cro s cop i c  structure o f  
t h e  saturat e d  a n d  un satura ted f low doma i n ,  m i s c ib l e  
hydrodynamic d i sper s i o n ,  and imm i s c ib l e  d i sp la cemen t ,  
d i sp lacement . The s andbox mod e l s  a r e  usua l ly used to  
s imu late f l ow und er c o n f ined cond i t io n s . These mode l s  are 
r e l a t ive ly s imp l e  to u s e ; however ,  o n e  shou l d  take care to 
e s tab l i s h  proper boundary and i n i t i a l  cond i t ions 
corre spond ing to  t h e  a ctua l s i te s e t t i ng . Unl ike analog 
mode l s ,  there is  no need to prove t h e  e x i stence o f  an  
ana log be twe en the s andbox mod e l  and the prototype a s  both 
i nvolve f low- through porous med i a . 
2 . 1 . 2 . 2 .  Laboratory mod e l s : 
I n  genera l ,  the l abora tory mod e l s  a r e  phys i c a l  mode l s  
w h i ch are u s e d  for d e termining the hydrogeo l o g i c  prop er t i e s  
o f  porous m e d i a  a n d  c a n  b e  used to s imu l a t e  the long- t erm 
e f f e cts of the i n t e r a c t i ons between wa s t e  and pathways . 
2 . 1 . 2 . 3 .  F i e ld s imul ation : 
Another notab l e  phys i c a l  mod e l  i s  the f i e ld 
s imu lat ion . The f i e l d  measurement o f  t h e  aqu i f er y i e l d ,  
i .  e . , pump t e s t ,  repres ents a n  a c tua l s imu l a t i on o f  the 
f i e ld cond i t ions , w i th l imi ted a s s ump t ions that are  
i nh erent i n  o ther m e thod s  of mod e l l ing . F i e ld s imu l a t ions 
are  r e l a t iv e l y  exp e n s ive and t ime consum i ng . Furthermore ,  
a s  w i th other s imu l a t ions , the inherent d i f f i cu l t ly o f  
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s e l e c t ing repr e s entat ive s i t e cond i t i on s  may result in  the 
m i s interpretat ion of  the f i e l d  t e s t . 
2 . 1 . 3 .  Mathema t i c a l  mode l s : 
Ma thema t i c a l  mod e l s  have been u s e d  extens ive ly in  the 
a s s e s sment of hydrogeologic and geo l og i c  parame ters and 
a l so in  the pred i c t i o n  of  changes in hydrogeo log i c  s e t t ing 
and groundwa ter qua l i ty under var ious cond i t i ons . 
Mathemat i c a l  mod e l s  can be d iv i d e d  into two ma j or 
cat egor i e s : 
2 . 1 . 3 . 1 . C l o s e d  form or analyt i c a l  s o lut i on s , and 
2 . 1 . 3 . 2 .  Numer i c a l  s o lut ions . 
2 . 1 . 3 . 1 .  C l o s e d  f orm s o lutions : 
The gover n i ng equat ions of  groundwat er f low and so lute 
transport are we l l  e s tab l i shed in  t h e  l i terature . Under 
s imp l i f i ed a s sump t i o n s  and boundary cond i t ions , i t  is  
p o s s ib l e  to s o lve the governing equa t i o n s  through a c lo s e d  
f o rm or ana lyt i c a l  so lut ion . Examp l e s  o f  the s e  solut ions 
are  the we l l  or o n e - d imens ional  d i sp e r s ion equa t ions . 
The s e  mod e l s  have b e en used ext e n s ively in  a s s e s s ing 
hydro logic parame t e r s  and e s t ima t i ng the rate o f  f low and 
contaminant transpor t . Add i t iona l ly ,  t h e s e  s imp l i f i ed 
s o lutions have b e en u s ed in parame t r i c  s tud i e s to d e t ermine 
the e f f ect  o f  parame t er var iation on mod e l  resul t s . The s e  
mod e l s  have a l so been u t i l i zed t o  ver i fy the per formance o f  
numer i c a l  mod e l s . Apart from these app l i ca t ions , ana ly t i c a l  
mod e l s  c a n  be u s e d  to  calculate f low a n d  s o lute transport 
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pa rame ters under f i e l d and labora tory cond i t i ons . 
2 . 1 . 3 . 2 .  Numer ica1 mode1s : 
Num er i ca l  mode 1 s  have been u s e d  in  the l a s t  two 
decades for both environmental a s s e s sment and d e s ign . The 
mo s t  common l y  used num e r i c a l  mod e l s  are f in i te d i f f erence 
and f in i te e l ement computer code s . Numer i c a l  mod e l s  
s imu l a t e  groundwa ter f l ow and s o lute transport in  porous 
med i a  and have w i d e  app l icab i l i ty in d e f i n ing remed i a l  
opt ions i n  porous med i a  and impac ts . w i th t h e s e  programs , 
i t  i s  po s s ib l e  to d eve lop s i t e - s pec i f i c  mod e l s  repres ent ing 
the s i t e  hydrogeol ogy and groundwa ter f low and so lute 
transport cond i t io n s . wi  th the s e  mode l s , various 
hypothes e s  such as  boundary cond i t i o n s  and var i at ions in 
hydrogeo l o g i c  parameters  inc lud i ng hydra u l i c  condu c t ivity , 
t h ickne s s  o f  the d i f f erent geo l o g i c a l  un i t s , and 
i n t erconne c t ion between var ious aqu i f er s  can be t e sted . 
These t e s t s  provi d e  an  under stand ing o f  the s e n s i t iv i ty of  
the inve s t igat ion r e su l t s  to var i ous s i t e - spec i f i c  
p arame t e r s  and docum e n t  the e f f e ct o f  t h e s e  parameters on 
vert i c a l  and hor i z on t a l contam inant m igra t ion w i t h i n  the 
var ious aqu i f er s . 
A w i d e  range o f  computer programs have been d eve loped . 
The range inc ludes  s imp l e  one - d imens i o n a l  f low or s o lute 
transport to comp l ex two-d imens i ona l or thr e e - d imens iona l 
mod e l s  capab l e  o f  i n corpora t i ng comp l ex s i t e  geo logy , 
s p e c i a l  f e a tures such as  mu l t ip l e  we l l s  or geologic 
d i s co n t i nu i t i e s , and boundary cond i t io n s . The s e  programs 
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can b e  so lved by hand calcu l ator , m i c rocomput ers , or 
ma i n f rame computers , based on the type of the program and 
the comp l ex i ty of the mode ls , depend i ng on the comp l e x i ty 
o f  the s i te cond i t ions  and accuracy r e qu i rements . One or a 
comb i na t i on o f  severa l mod e l s  may b e  u s e d . 
Deve lopment o f  ground wa ter mod e l l ing dur i ng the l a s t  
several decades empha s i z e s  the s h i f t ing f rom analog mod e l s  
toward laboratory and mathema t i c a l  mode l s . Th is  sh i f t  i n  
empha s i s  i s  part i a l ly due t o  the comp l ex i ty of var i ous 
remed i a l  a c t i on s ,  a c c e s s ibi l i ty o f  computers , and the 
requ i r emen t s  f o r  traceable d e c ima t i o n  of the mod e l l ing . 
There fore , l abora tory and mathema t i c a l  mode l s  have become 
the more common too l s  for the a s s e s sment o f  r emed i a l  
a l ternat ives a n d  p e r f orming parame t r i c  s tud i e s . 
2 . 1 . 4 .  Advantages and d i sadvantages o f  theoretica l  mode l s : 
The advantages and d i sadvantages o f  var ious mod e l s  and 
the i r  range o f  app l i cat ion f o r  r emed i a l  programs are 
pres ented herebe low : 
2 . 1 . 4 . 1 . Advantages and d i sadvantages o f  l aboratory mode l s : 
i )  Advantages : 
a .  T e s t  actua l earth ma ter ia l s  to  d e termine phys i c a l  
parameters , 
b .  Enab l e  the co l l e c t ion of wa s t e  p e rmeance for chemi ca l 
t e s t ing by c o l umn p e rmeab i l i ty t e s ts , 
c .  A l l ows "Acce l erated" test ing o f  the earth mater i a l s  to 
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d e t erm ine the e f f e ct  o f  contam inants upon the phys i c a l  
proper t i e s  b y  s imu l a t ing long-term behavi our, 
d .  Provides  d i rect ver i f icat ion of phys i c a l  propert i e s  for 
cons truc ted earth ma ter i a l s  such a s  f or s lurry wa l l s and 
c l ay l iners , 
e .  Enab l e s  d irect mea surement o f  ground wat e r / earth 
m a t er i a l s  i nteract i o n , 
f .  A l l ows the de terminat ion o f  the e f f ect  o f  d i f f erent 
chem i c a l s  upon earth mater i a l, and 
g .  A l l ows " Bench- S ca l e "  mod e l l ing o f  remed i a l  a l terna t i ve s . 
i i )  D i sadvantages : 
a .  T e s t s  " B e s t "  s amp l es ; for examp l e, hydrau l i c 
conduc t i v i ty t e s t s  a r e  typ i ca l ly p e r f ormed on homogenous 
s amp l e s  f r e e  f rom d e f ec t s  such as cracks or vo i d s , 
b .  The corr e la t ion f rom laboratory r e s u l t s  to in  s i tu 
behaviour i s  proba b l y  not known or , a t  b e s t ,  inadequa t e l y  
d emonstra t ed , 
c .  May requ ire several months to comp l e t e  t e s t ing such a s  
l o ng - t erm s imu l a t ion or s lurry wa l l  mate r ia l s , 
d .  U n l e s s  a suf f i c i en t  var iat ion o f  s amp l e s i s  ava i lable  to 
mod e l  the in  s i tu var i ab i l i t y ,  a large s ca l e  extrapo l a t ion 
o f  l aboratory r e su l t s  to  in s i tu behavi our must be mad e ,  
e .  May b e  very d i f f i c u l t  to obta in samp l e s  t o  d e t erm ine 
var i a t ion in  phys i c a l  propert i e s , such a s  hor i zonta l versus 
v e r t i c a l  p ermeab i l i ty ,  and 
f .  It may be d i f f i cu l t  to s imu l a t e  in  s i tu cond i t ions for 
" B ench - S ca l e  mod e l l i ng" the corre l a t ion to actual 
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cond i t ions  may at best be an e s t i ma t e . 
2 . 1 . 4 . 2 . Advantages and d i s advantages  o f  f ie ld s imu l a t i on : 
i )  Advantages :  
a .  A l l ow the d ir e ct mea surement o f  i n  s i tu proper t i e s  and 
the i r  spa t i a l  var iat ion , 
b .  For constructed earth mater i a l s , a tes t  f i l l  can be 
bu i l  t to mod e l  the actua l construct ion of a c lay l iner 
wh i c h , i n  turn , a l lows the d irect mea surement o f  prop e r t i e s  
such a s  hydrau l i c conduct ivity under actua l cond i t ions , and 
c .  Provi d e s  d i r e ct mea surement of in s i tu cond i t ion s . 
i i )  D i sa dvantages :  
a .  The contro l o f  f ield s imu l a t ion can be very comp l ex and 
d i f f i cu l t ,  
b .  I n  s i tu parame ter mea surement i n  a boreho l e  may provide 
r e su l t s  wh ich are i n f luenced i n  a n  unknown manner by in  
s i tu cond i t i on s ,  
c .  The nume r i c a l  computat ion o f  r e s u l t s  may be l im i t e d  by 
known " C l o sed Form" solut ions wh i c h  do not mod e l  the exact 
case or requ i r e  the use of  soph i s t i ca t ed numer i c a l  mode l s  
for bet t er e s t ima t i on , and 
d .  In s i tu s imu lat ion mus t  c o n s i d e r  many var i ab l e s , 
inc lud ing " S e cond Order" e f fec t s  such a s  barometric  
p r e s sure . 
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2 . 1 . 4 . 3 .  Advantages and d i sa dvantages o f  closed form 
s o lut ions mod e l s : 
i )  Advantage s : 
a .  Provides  " Exact" s o lution to mod e l ,  
b .  Enab l es d ir ect compar ison w i t h  other mathema t ica l 
s o l u t i on s , 
c .  Provi d e s  a so lution wh ich is  recogn i z ed i n  the techn ica l 
community , 
d .  I f  de riva t ions  are not required a s  p a r t  o f  the so lut ion , 
the app l ica t ion o f  the so lution shou ld be s tra ight f orward , 
e .  The e f f ect upon the result o f  the var i a t ion of a s i n g l e  
parame ter can genera l ly be i so l a t e d , 
f .  A l l ows the use  o f  a " S imp l i f i ed"  s o lut ion to obta i n  
approx ima t e  r e s u l t s  wh ich can be u s e d  f o r  d e f in ing the type 
of mod e l l i ng to be u s ed for more comp l ex ca lcu la t ion or to 
be d e f i n e  the r emed i a l  a l t ernat ive to  be ident i f i e d  
clearly , 
g .  They can be u s e d  to  determ ine f l ow and s o lute transport 
parameters under l abora tory or f i e l d  cond i t ion s ,  and 
h .  I t  may be p o s s i b l e  to comb ine var i ous s o lut ions to mor e  
c l o s e ly mod e l  t h e  phys ica l ca s e .  
i i )  D i sadvantages :  
a .  Typ ica l l y ,  there i s  nece s s i ty o f  s imp l i fy i ng the in  s i tu 
con d i t ions b ecaus e  closed  form s o l u t i o n s  do not mod e l  
comp l ex phys ica l cond i t ions . Th i s  r e s u l t s  in  the f o l low i ng : 
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S imp l i f ied s tratigraphy, 
D i f f erent boundary cond i t i ons, and 
S imp l i fy i ng the var iat ion i n  phy s i c a l  propert i e s . 
At best, the e f f e ct of s imp l i f i c a t ion o f  the in s i tu 
cond i t i ons upon the result can o n ly be e s t imated, 
b .  There are  a l im i ted group of  so lut ions ava i l a b l e, 
c .  There may be re s t r i c t ions i n  the r a nge of  parameters the 
s o lut ion w i l l  accommoda t e . The range o f  parametric  
var iat ion may b e  s e t  as part  o f  the mathema t i ca l soluti o n, 
and any ranges mu s t  be known by the u s er, and 
d .  If the der ivat ions of equa t i ons are requ ired as part o f  
the solut ion, t h e  mathema t i c s  may be comp l ex . 
2 . 1 . 4 . 4 .  Advantages and d i sadvantages o f  numerical mode l s : 
i )  Advantage s :  
a .  Enab l e s  mod e l l ing of the in  s i tu spat i a l  cond i t ions  
better than c l o s ed form so lut ions, 
b .  Wou ld enab l e  the s imU la t ions  o f  s evera l d i f f erent 
remed i a l  a l ternat ives us ing the same spa t i a l  mod e l, 
c .  Al lows the var i a t ion of phys i c a l  proper t i e s  to d eterm i n e  
the e f f e c t  o f  a parameter upon t h e  r e s u l t s, 
d .  Enab l e s  the s o lut ion o f  phys i c a l  mod e l s  for wh ich c l o s ed 
form solut ions  do not ex i s t, and 
e .  Report ing of r e su l t s  can be coup l ed w i th graph i c  
presenta t i o n . 
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i i )  D i sa dvantag e s : 
a .  A l l  nume r i c a l  so lutions are approx ima t ions of  the 
theor e t i ca l  ba s i s  for the solut ions ; the l im i ta t ions of  the 
numer i c a l  method mu st be known , 
b .  Deve lop i ng the mode l  presumes suf f i c i ent know l edge of  
the  i n  s i tu cond i t i ons , 
c .  To j us t i fy the u s e  of  nume r i c a l  techn iques requ ir e s  
deta i l ed know l e dge o f  phys i c a l  parameters  a n d  the ir 
var iat ion , 
d .  Chang i ng the mod e l  to accommod a t e  spa t i a l  or boundary 
value var i a t i o n s  may be d i f f i cul t ,  and 
e .  Requ i r e s  more exp er i enced person to set up and execute 
the mode l .  
2 . 2 .  Numer i c a l  mode l s : 
F i n i t e  d i f f erences mod e l s  are  used to so lve the 
d i f f erent i a l  equa t ions of  st eady and unsteady groundwa ter 
f l ow i n  aqu i f er s . Accord ing to Jacob Bear and Arno l d  
Verru i j t  ( 1 9 8 7 ) , the general p r i n c i p l e  i s  that t h e  unknown 
var i ab l e , the p i e z ometr i c  head " h " , wh ich i s  a funct ion o f  
the space d imen s ions  "x" , " y" , a n d  t h e  t ime " t" , i s  
repre s ented , f or every value o f  the t ime " t " , by a f in i t e  
number o f  va lues  " h ( i , j ) " , where " i " and " j "  ind i ca t e  
counter var i ab l e s  i n  "x" a n d  "y" d ir e c t i o n s , respective ly .  
They repre s ent m e s h  po i nts  in  the r e g i on cons i dered a s sumed 
that a l l  interva l s  are equa l and cons tant . T h i s  i s  not 
neces sary ,  but it may be a f ir s t  a s s umpt ion , and i t  usua l ly 
l eads  to the s imp l e s t  sys tem of  equa t ions . 
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The f o rm o f  the system o f  equa t ions i s  that the va lues 
o f  the head i n  each point are r e l a t ed to the va lues in  the 
surround i ng poi nts , in genera l ,  both the va l u e s  i n  these 
p o i n t s  a t  the beg inn ing and a t  the end of  a t ime s t ep . I f  
the values  a t  the beg inning o f  the t ime s t ep are known ( and 
that is usua l ly the ca se ) the va lues a t  the end o f  the t ime 
s t ep are the unknowns , and the r e s u l t ing sys t em o f  
equat ions  i s  a sys tem of " N" l i near equa t ions  w i t h  " N" 
unknown s . The number "N" i n d i c a t e s  the tota l number o f  
m e s h  po i nt s . Thus , the mathema t i c a l  prob l em to be s o lved 
is the s o lut ion of a l i near s y s t em of equa t i o n s . Many 
powerful  and e f f ect ive numer i c a l methods are ava i la b l e  for 
this t a s k . I t  mus t  be note d ,  however ,  that the sys t em o f  
equa t ions  may turn out t o  b e  rather l arge . For a system 
w i th 2 0  m e s h  p o i n t s  in  x - d i r e c t ion and 2 0  in  y - d i r e c t ion , 
the va lue o f  " N" w i l l  be 4 0 0 . Th i s  s e ems to i nd i cate that 
a ma t r i x  o f  4 0 0  e l ements  w i l l  b e  needed to d e s cr ibe the 
system o f  equa t ions , and t h i s  mat r i x  conta i n s  1 6 0 , 0 0 0  
e l ement s , w h i ch may requ i r e  a large comput er , even for a 
r e l a t iv e l y  sma l l  prob lem . 
The a c tua l s o lut ion o f  t h e  s y s t em o f  equa t ions d o e s  
n o t  requ ir e  s u c h  a large ma t r ix , b e c a u s e  in  each o f  the 
l inear equa t ions , o n ly a f ew non - z ero coe f f i c i e n t s  appear . 
T h i s  f a c t  makes i t  po s s ib l e  to u s e  s o lu t i on procedure s  that 
are e spec i a l ly sui ted for such a sys t em of  equa t ions . I t  
w i l l  a l s o  enab l e  u s  to solve  large p rob l ems o n  a sma l l  
capac i ty computer . 
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A s e cond very powe rful numer i c a l  me thod i s  the f i n i t e  
e l ement method . I n  groundwater f low prob l ems , o n e  cou ld 
imag ine that a region is  subd ivided  i nto sma l l  e l ements , 
such that for each e l ement the f low i s  d e s c r ibed i n  terms 
of the head in the nodal p o i n t s , and then a sys tem of  
equa t ions  i s  obt a i ned from the cond i t i on that the  f low mus t  
be cont i nuous a t  e a c h  node . 
The usua l way o f  pres ent i ng the f in i te element me thod 
does not emp loy such a phy s i c a l  r e a s o n ing . However , i n s tead 
a mathema t i ca l  argumentat ion is u s ed , i n  wh ich the system 
o f  equa t i ons  i s  obta i ned by requ i r ing that the d i f f erent i a l  
equa t ion be sa t i s f i ed " o n  t h e  average" , us ing certa in 
we ight fun c t i on s . 
The s y s t em o f  ( l inear ) equa t i o n s  obta ined in  the 
f i n i  t e  e l ement method has the same s tructure as in the 
f in i t e  d i f f erence me thod . Actua l ly ,  the two methods are 
very s im i lar and , for cert a i n  prob l ems , i t  has been shown 
that they can be con s idered a s  two r epre s enta t ions o f  the 
same mode l .  However , the usua l way o f  d e r i v i ng and 
d eve l o p i ng the equat ions i ntrodu c e s  certa in d i f f erences . 
For i n s ta nc e ,  the natura l and s imp l e s t  type o f  e l ement i s  
t h e  t r i a ng l e ,  wh ich enab l e s  a f l e x i b l e  repre sentation o f  
the f i e l d , where a s  the s imp l e s t  a n d  mo s t  natura l m e s h  i n  
the f i n i te d i f f erence method i s  o n e  o f  squares or 
r e c tang l e s , wh i c h  i s  l e s s  f lex ib l e . A l s o , the s tandard 
formu l a t i o n  o f  the f in i t e  e l ement method has the imm e d i a t e  
proper ty t h a t  each e l ement c a n  have i ts own va lues  for such 
phys i c a l  p arame t e r s  as transm i s s i v i ty and s tora t i v i ty . 
18  
The  f in i te e l ement method, in i t s  standard f o rm, is  
somewhat more f l ex i b l e  than the s t andard form o f  the f inite  
d i f f erence me thod . Th i s  may e xp l a in i t s  popu l a r i ty . I t  
mu s t  b e  not e d, however, that var i ants ex i s t  for the f in i te 
d i f f erence me thod that are very s im i lar to the f inite  
e l ement method ( e . g . ,  Naras imhan and  W i thrspoon, 1 9 7 6 ) . 
Thus, the two methods may be c ons idered a s  more o r  l e s s  
equ iva l ent . The method to be u s e d  f or any g iven p roblem 
shou l d  be d e termined by the chara cter i s t i c s  o f  that 
probl em, and a l so by such cons i d er a t ions a s  the conve n i ence 
of a p rogram, its ava i lab i l i ty and c o s t, and the l ev e l  o f  
exp e r i ence o f  the user . 
2 . 2 . 1 . F i n i t e  d i f f erence metho d : 
The f in i t e  d i f f erence method was the f i r s t  me thod to 
be u s ed f o r  the systema t i c  num e r i c a l  s o lut ion of par t i a l  
d i f f e r ent i a l  equa t i ons . Al  t hough t h e  fundament a l  ideas  
have been e s tab l i shed and u s e d  by mathema t ic ians  of  the  
1 8 th century, such as  Tay lor and Lagrange, the app l i ca t ion 
o f  the f in i te d i f f e r ence m e t ho d  t o  the s o lution of  
eng i n e e r ing prob l ems i s  usua l ly cons i d ered t o  b e  an  
ach i evement o f  2 0 th c entury s c i ent i s t s  ( Southwe l l , 1 9 4 0 ;  
Kantorovich and Kry lov, 1 9 6 4 ) . 
I n  general, the me thod con s i s t s  o f  an approx ima t i on o f  
par t i a l  der ivat ives by a lgebra i c  expr e s s ions i nvo l v i ng the 
va l u e s  of the dependent var iab l e  a t  a l im i t ed number o f  
s e l e cted p o ints . As a r e s u l t  o f  the approx imat i on o f  
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part i a l  d i f f er en t i a l  equa t i on d e s c r i b i ng the prob l em is 
rep laced by a f i n i t e  number of a l gebra ic  equat ions , wr i t ten 
i n  terms of the va lues of  the dependent var iable  at the 
s e lec ted p o i n t s . The equa t i o n s  are l i near i f  the o r igina l 
par t i a l  d i f f erent i a l  equa t io n s  a r e  a l so  l inear . The va lues 
a t  the s e l ec t ed p o i n t s  be came the unknown s ,  rather than the 
continuous spat i a l  d i s tr ibut i on of the d ependent var iab l e . 
The s y s t em o f  a lgebr a i c  equa t io n s  mus t  then be s o lved . 
Th i s  may i nvo l ve a l arge numbe r  o f  a r i thmet i c  operat i ons . 
origina l ly a l l  the se  ca l cu l a t i o n s  were p e r f o rmed manua l ly ,  
o r  by us i ng mecha n i c a l  devic e s . However , s i nce the advent 
of the e l ectronic  computer , they are usua l ly executed by 
means o f  a computer program . 
Other power f u l  numer i c a l  m e thod have been d eve loped , 
in  p a r t i c u l a r  the f in i t e  e l ement metho d . Th i s  method has 
a greater f l ex ib i l i ty and , ther e f or e ,  is o f t e n  p r e f erred to 
the f i n i t e  d i f f erence method . But the ba s i c  theory o f  the 
f in i t e  d i f f erence me thod is much s imp l e r , and it usua l ly 
requ i r e s  l e s s  computer memory and comput a t i on t ime . 
2 . 2 . 2 . F in i t e  e l ement method : 
The method was d eve loped in  the 1 9 5 0 ' s ,  f ir s t  for 
prob l ems of aeronaut i c a l  eng i n e e r ing ( the construct ion of 
a i rp lanes ) ,  mechan i c a l  eng i n e e r ing ( nuc l ear r eactor 
ve s s e l s ) ,  and c iv i l eng ineer i ng ( br idges ) .  I n  l a t e r  years , 
the method was genera l i z ed to  prac t i ca l ly a l l  areas  o f  
engineer i n g , inc lud i ng groundwa t e r  f low , where the s o lution 
t o  f i e ld equat ions is  r equired . 
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The f i n i t e  e l ement me thod can be presented in  s evera l 
ways . I n  many o f  the o r ig i na l  app l i c a t i o n s  the f i n i t e  
e l ements were d i s t inct p a r t s  o f  t h e  s tructure , such a s  a 
beam i n  a frame . The mathema t i c a l  pro b l em to be s o lved 
cou l d  be formu lated by us ing a var i a t ional f ormu l a t i on o f  
the o r i g ina l mathema t i c a l  prob l em . Th i s  a l s o  made i t  
pos s ib l e  t o  genera l i z e  the app l i cab i l i ty o f  the method to 
a w i d e  c l a s s  o f  f i e l d  problems in  engineer i ng s c ience . A 
further genera l i zat ion has  been obtained by f ormu la t ing the 
ba s i c  pr i n c i p l e s  in  terms of we ighted r e s idua l s . 
2 .3 . Aqu i f er r e s to ra t i on : 
Groundwa ter mode l l ing e f fort to s imu l a t e  the r e su l t s 
o f  a n  aqu i fer restora t i on scheme have been s tud i e d  by 
Kr i s t i n e  Uh lma n ,  Har z a  Environmental  Servi ce s ,  
U . S . A .  ( 1 9 9 0 ) . 
chi cago , 
A groundwa ter mod e l  us i ng the I BM PC vers ion o f  the 
USGS MODFLOW code wa s cons tructed to s imu l a t e  the 
groundwa ter f l ow beneath an industr i a l  s i te in the centra l 
Mi dwe s t . A deta i l ed three-d imen s iona l mod e l  o f  the g l a c i a l  
outwa s h  sand and under l y i ng con f in ing c lay t i l l  layer and 
outwa s h  aqu i fer was cons truc ted and c a l ibrated u s i ng 
h i s to r i c a l  data . The mod e l  accura t e ly s imu l ated the water 
leve l e l eva t i ons generated a f ter one year of pump i ng w i th 
wa ter l evel  dec l ines  ind icat ing that the boundary o f  the 
contam i nated z one of the upper aqu i f er wou ld retrea t , thus 
r e s t r i c t i ng d irect contaminant s eepage f rom the upper 
aqu i f e r  to the lower , potable water supp ly aqu i f e r . An 
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aqu i f er r e s tora t i on s cheme was d e s igned , and seven pump-out 
we l l s  constructed on s i te . Pump ing rates and contam i nant 
concentr a t i o n s  were mon itored , and the s e  data were 
incorporated in the transport mode l . The contaminant p lume 
wa s then s imulated us ing the I BM PC ver s i on of the U S GS - 2 D  
TRANSPORT / MOC code . A p lume was generated by i n j e c t i ng a 
cons erva t i ve contaminant and a l l ow ing the sys tem to r each 
st eady s t a t e  over an i n j ect ion p e r i o d  o f  2 0  years as the 
i n i t ia l ,  mod e led cond i t ion . The trans i e n t  e f f ect  o f  the 
one -year pump -out s cheme was then s imu l a ted . Mod e l e d  
construc t io n s  were found to rea sonab ly ref lect f i e l d  
resul t s . Further ca l ibrat ion was a c h i eved us ing measured 
t ime o f  t rave l rates for f luorobenz ene , a spec i f i c 
contam i na n t  f o r  which u s e  concentra t ions  and accurate sp i l l  
loca t ions  were known for  the s i t e . F luorobenz ene has  been 
found t o  be  one o f  the l e a s t  retarded chem i c a l s  in 
contam inant transport i nve s t igat ions  s o  its use for 
cal ibra t i o n  wa s reasonab l e . Pred i c t ive s imu l a t i on s  were 
then genera ted . u s i ng both MODFLOW and MOC , a l ternat ive 
pump -out s c h emes and a f f e c t s  of i n c r e a s ed pump i ng were 
s imu l a t ed; groundwater e leva t ions  and contam inant 
concentra t io n s  were predicted . 
2 . 3 . 1 . Mode l  construction : 
MODFLOW a s sumes the three-d imen s ional  movement o f  water 
of  constant dens i ty through porou s , homogeneous , i sotrop i c  
geo l o g i c  mat e r i a ls under e i ther tran s i ent o r  s t ea dy s tate 
cond i t io n s . The area mode led was f ir s t  d e f  ined by both 
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na tura l and a s s umed hydro log i c  bounda r i e s , and the area 
w i thin the boundar i e s  wa s then gr idded into d i screet un i t s  
con f i gured i n t o  a nod a l  sys tem . T h e  na tura l hydro l o g i c  
boundar i e s  ident i f i e d  for the mod e l  inc luded a r iver to the 
north and a creek to the we s t  and south . At depth , the 
sha l e  bedrock wa s a s sumed to be the l ower boundary acro s s  
wh ich groundwa ter d o e s  not f low . The eastern boundary o f  
t h e  s i te wa s mod e led us ing genera l head boundary 
cond i t io n s . The geo l ogy o f  the area was determ i ned f rom 
s i te  i nve s t iga t i on s  and pub l i s hed s ources . The three 
hydrogeo l o g i c  un i t s  o f  inter e s t  at the s i te in  d e s cend i ng 
order from the sur f a c e  are : 
un i t  I ,  an  outwa sh sand , 5 0  to 9 0  feet th ink , 
Un i t  I I ,  an  area l ly d i s c on t i nuous c l ayey t i l l  o f  
var i a b l e  thickn e s s , and 
un i t  I I I , a n  outwa sh sand con f i ned south o f  the 
indu s t r i a l  p l a n t  and under ar t e s i a n  
p r e s sure beneath t h e  p l ant . 
For the purp o s e  o f  the mode l ,  un i t  I wa s mode led a s  
l ayer I ,  a n d  un i t  I I I  a s  the s e cond l ayer . The aqu i tard 
a f f ect o f  un i t  lI o n  the 3-d imens iona l f l ow wa s mode l ed by 
a d j ust ing the ver t i c a l  hydrau l i c conduc t iv i t ies between the 
two layers a t  each node . 
A p lume o f  contaminated groundwa t e r  originat ing under 
the p lant wa s trave l l i ng we s t  i n  un i t  I and north towa r d s  
the r iver i n  Un i t  I I I . 
The two - d imen s iona l so lute- transport Moe mod e l  wa s 
app l i ed t o  the mod e l ed area to s imu l a t e  the movement o f  a 
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cons ervat ive , noncreat ive tracer contami nant i n j ected into 
un i t  1 beneath the ma in p l ant area . Add i t iona l s imu l a t ions 
were made to dup l i cate a f luoroben z ene p lume , one  of the 
l e s s  preva l ent orga n i c  contam inants ident i f i ed in the ma in 
p lume but a chemica l for wh i c h  accurate spi l l  locat i ons 
were known . 
2 . 3 . 2 . Ca l ibrat ion and ver i fi c a tion : 
The approach used in  ca l ibra t i ng the MODFLOW mod e l  was 
t o  s imu l a t e  the cond i t i ons prior to pump ing in the area , 
making reasonable a d j u s tments i n  mod e l  parameters to obtain 
a match between mod e l -generated water leve l s  f o r  the 
s imu l a t i o n  per iod and the recorded water leve l s  generated 
during the s i te  i nve s t igat ions . Ca l ibra t i on o f  the MOC 
mod e l  wa s a c h i eved i n  the same manner . The potent i ometr i c  
l eve l s  a n d  contam inant concentrat io n s  mea sured i n  t h e  f i e l d  
made a r e a s onab l e  f i t  with t h e  s imu lated data . The mode l s  
were con s i d ered c a l ibrated w i t h : 
Dup l i ca t ion o f  the h i s t o r i c a l  i n i t i a l  cond i t io n s , 
Reasonab l e  f i t  to an independent data s e t , and  
No  d i s cr epancy in  the  vo l umetr i c  water ba lanc e . 
Overa l l ,  both MODFLOW and MOC s imu l a t i o n s  were 
cons idered to represent an  a c c eptab l e  match w i th obs erved 
data . G iven the t ime frame o f  the s tudy , the mod e l s  were 
cons idered to be adequa tely ca l ibrated for the pur p o s e  o f  
e s t imat i ng t h e  ef f e c t s  on water leve l s  a n d  contam i nant 
concentra t io n s  o f  proj ected pumpage from the r e c overy 
we l l s . Each mod e l  was cons idered ver i f ied when actua l 
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r ecovery we l l  drawnd own and contaminant p lumes match 
s imu lated leve l s . 
2 . 3 . 3 .  Transport mode l  pred ictions : 
contaminant transport , i f  the contaminant i s  a s s umed to 
be  cons ervat ive , nonreact ive , and re spond ing to groundwa ter 
v e l o c i t i e s , was a d equa t e ly mod e l e d  us ing the Method of  
Character i s t i c s . The i n i t i a l  p lume of  contam i n a t i on was 
repre s entat ive of  the relat ive concentra t ions f ound on  the 
s i t e . ( F ig . I I . 1 ) p r e s ents the s imu l a t e d  i n i t i a l  p lume for 
f luoroben z ene with the actua l f i e l d  va lues col lected in  May 
o f  1 9 8 5 . Redu c t ion o f  contam in a n t  l eve l s  is  be ing 
ac comp l i shed by the recovery we l l  program and these  
reduct i on s  in concentra t ions are  s im i l ar to tho s e  pred i cted 
by the mode l ,  ( F ig . I I . 2 )  comp a r e s  the s imu l a t ed 
f luoroben z ene p lume a f ter one year o f  recovery we l l  pump i ng 
to a c tu a l  f i e l d  values  for 1 9 8 7 . 
The amount o f  groundwa ter contam i n a t i on rema in i ng a f ter 
2 0  years o f  c o n t i nuous pump ing ,  a s  s imu l a t ed by the mod e l s , 
ind i ca t e s  the current recovery system i s  not suf f i c i e n t  to 
a c h i eve c l ean-up of the un i t  1 aqu i f er .  s ign i f i cant 
concentra t ions of  contaminant rema i n  and w i l l  d i rec t ly 
a f f e c t  the groundwa ter qua l i ty and l eve l o f  s o i l  
contam inat ion found a t  the s i t e  un l e s s  add i t i ona l 
remed i a t ion i s  imp l emented . 
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2 . 4. stocha s t ic groundwater transport : 
A s em i ana lyt i c a l  methods in  s tocha s t i c  groundwater 
transport have been reported by sergio E .  
un ivers i ty o f  Kentuucky , U . S . A .  ( 1 9 9 1 ) . 
S errano , 
An important d i f f i cu l t ly in the d eve lopment o f  a c cura t e ly 
foreca s t ing mathema t i c a l  mode l s  o f  groundwater f low and 
groundwater p o l l u t ion is the uncerta i n  ( random ) var i ab i l ity 
of the phys i c a l  parameters d e s cr ib i ng porous med i a  
proper t i e s  in  na tura l aqu i f e r s . I n  recent years the 
mode l l ing e f f o r t s  have been concentrated on the 
spec i f i c a t ion of the stocha s t i c  properties  of the aqu i f ers 
parameters and the so lut ion o f  the governing s tocha s t i c  
part i a l  d i f f eren t i a l  equa t i o n . S everal  authors have 
ana l y z ed the e f f ec t  of the parameter var iab l e  us ing var i ous 
s tocha s i s  d e s c r i p t ions o f  spat i a l  var i ab i l i ty . Among the 
me thod s u s e d  are Monte Car l o  s imu l a t ion s , spectral 
decompo s i t ion , sma l l  pertubat ion expans ions . Neumann 
expan s i o n s , and s em igroup so lut ion s . 
An attempt i s  made to exp lore the u s e  o f  s em i ana l y t i c a l  
s o lut i o n s  o f  groundwater s tocha s t i c  equat ions . 
S em i ana l y t i c a l ( or s emi numer ica l )  s o lut ions o f  groundwa ter 
equa t io n s  may be more stable than corre spond ing nume r i ca l 
so lut ions; they may open the way to inc lude doma i n s  w i t h  
irregular bounda r i e s , w h i c h  are d i f f icu l t  in  ana lyt i c a l  
so luti ons; they o f f er s imp ler s o lut ions  than correspond ing 
ana ly t i c a l  so lut i o ns; they may o f f e r  a h igher degree o f  
accuracy w i th more e f f i c ient computat iona l a lgori thms than 
corre spond ing numer i c a l  a lgor i t hms; and they have been 
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s hown to have important app l i c a t i o n s  in the solution o f  
groundwa ter prob l ems . T h e  procedure emp l oyed cons i s t s  o f  
d i s cr et i z ing o n e  o f  the independ ent var i ables in  the 
par t i a l  d i f f eren t i a l  equa t ion ( e ither the t ime or the space 
coord i nate , depend ing on  whether the parame ter uncer t a inty 
is represented as a space or a t ime random proce s s ) and 
obta i n i ng a s o lut ion of the r e su l t i ng equa t ion . The 
so lut i o n  is  approximated by truncat ing the correspond ing 
Neumann s e r i e s  expans i o n . Each term i n  the s e r i e s  conta i n s  
the s em igroup o p e r a  tor a s soc iated w i th t h e  d i f feren t i a l  
equa t i o n , that i s  a convo lution i nt egra l o f  the sys tem 
impu l s e  respo n s e  func t ion . The so lut ion method has been 
t e s t e d  w i th suc c e s s  i n  s evera l f u l l par t i a l  d i f feren t i a l  
equa t i o n s  in  groundwa ter transpor t .  I n  part icular , the 
method a l lows the cons ideration of l arger var iances than 
the ones  res t r i c t ed by convent iona l sma l l  perturba t ion 
techn ique s . 
A genera l d e s c r i p t ion o f  the so lution method o f  
groundwater equa t i o n s  subj ect to random parame ter 
var i ab i l i ty ,  i n trodu c t i o n  to mod e l s  b a s ed on s emiana lyt i c a l  
so l u t i o n s  o f  t h e  stocha s t i c d i f f er en t i a l  equat ion , wh ich 
can be  emp loyed when the input uncer t a i n l y  occur s , w i th 
respect to o n l y  one o f  the independent var i ab l e s  and 
there fore use the  conven i ent features o f  numer i c a l  method s . 
The hand l ing o f  the r e s u l t ing stocha s t i c  ma t r i c es w i t h  a 
groundwater f low ca s e  subj ect to t ime var i ab i l i ty in  the 
transm i s s iv i ty ,  
var i ab i l ity i n  
the 
the 
case in wh ich 
transm i s s i v i ty 
spa t i a l  errat i c  
i s  present , a 
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groundwa ter po l lut ion ca s e  i n  which spa t i a l  erra t i c  
var iab i l i  t y  i n  the ve locity f i e ld i s  t h e  mo s t  important 
uncerta i n ly t e rm and f ina l ly a theorem w i th a pro o f  showing 
the convergence cr i ter ion for the Neumann expans ion and a 
d e s c r i p t ion o f  the use  o f  the method for r e l a t i ve ly h i gh 
var iances in the random parame t e r s  have been d e l iberated . 
The methodo l ogy comb ined the concept o f  fundamenta l 
solutions  o f  Neumann expa n s i o n s  o f  the a s soc ia ted 
stocha s t i c  d i f f erent i a l  equa t io n  w i th the theory of 
s tocha s t i c  pro c e s s e s  have been conc luded . Also it has been 
conc luded that an  inter e s t ing f e a ture is that h igher 
parame ter var i a n c e s  not accep t e d  by conventiona l sma l l  
per tuba t ion t ec h n iques  can b e  cons i dered , the procedur e may 
be used to i nve s t igate the e f f ec t  o f  erra t i c  var i ab i l i ty in  
the va lues  of  parameters o f  groundwater mode l s  on the 
behaviour o f  the d ependent var i ab l e s , mod e l s  that u s e  the 
ana lyt i c a l  s o l u t i on are app l i cab l e  to genera l c a s e  when the 
uncertainty t e rms are random p ro c e s s e s  in t ime and in 
space , mode l s  t h a t  use a s emiana lyt ica l s o lut i o n  are 
s imp l i f i ed ver s i ons that take a dvantage of nume r i c a l  
methods a n d  the s e  mod e l s  are app l i cab l e  t o  pract i c a l  c a s e s  
when t h e  random var iab i l i ty ex i s t s  w i th r e s p e c t  to o n e  o f  
the indepe n d e n t  var i ab l e s  wh i l e b e ing smooth 
( d et ermi n i s t i c )  w i th respect to the other independent 
var i abl e s . Thu s semianalyt i c a l  methods o f f er s imp l er 
so lutions ( w i th the po s s ib i l i ty o f  inc lud ing i r r egu lar 
boundar i e s ) than ana lyt ica l me thod s ,  wh i l e produ c i ng mo re 
accurate ( more s table and compu tat iona l ly e f f i c ient 
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a lg o r i  thms ) than corresponding nume r i ca l s o lutions . The 
methodo log i e s  presented 
d imens ional mode l s  i n  
were d e s c r ibed w i t h  s imp l e  
space . Th i s  was done 
one­
for 
i l lustration purp o s e  o n ly , and the ext e n s ion to h igher 
d imen s ions shou l d  not p o s e  much d i f f i cul ty . 
2 . 5 .  Groundwater qua l ity monitoring network : 
A review o f  groundwater qua l i ty mon i tor ing netwo rk 
d e s ign have been carr i ed out by Hugo A .  Loa i c iga and ASCE 
memb e r s , Un ivers i ty of Ca l i f orn i a ,  U . S . A .  ( 1 9 9 2) . 
Groundwa ter qua l i ty mon i to r i ng ne twork des ign i s  
d e f i n ed as  the s e l e c t i o n  o f  samp l ing po i n t s  and ( t empora l )  
s amp l i ng f requency to  d e termi ne phy s i ca l ,  chemica l ,  and 
b io lo g i ca l character i s t i cs o f  groundwa t e r . The modern 
concept of groundwa t e r  qua l i ty mon i to r i n g  network des ign 
r equ i r e s  that cons iderat ion be g iven to the f o l lowing : 
a. The spa t i a l  and t empora l coverage o f  the s amp l ing s i t e s ,  
b .  The comp e t ing obj e c t ives o f  a mon i to r i ng program, 
c .  The comp l ex na tur e of geo log i c ,  hydro l og i c ,  and other 
environmenta l facto rs , 
d .  The uncer t a i n ly about parame ters  ( ge o l og i c ,  hydro log i c ,  
a n d  environmenta l )  n e e d ed i n  the d e s ign proces s ,  and 
e .  The range of app l i ca b i l ity of the var ious me thods for 
n e twork d e s i gn . 
The i n t e r e s t  in  groundwa t er qua l i ty mon i to r i ng has 
increased s ign i f i ca n t l y  in  the United  s ta t e s  s ince mid-
19 7 0 's ,  fue l l ed p r ima r i ly by f edera l l e g i s lat ion that 
inc ludes the C l ean Wa t e r  Act , the S a f e  D r i nk i ng Wa ter Act , 
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the Tox ic  Subs tances Contro l Act , the Resource Con serva t i on 
Re covery Act ( RCRA ) , and the Comprehens ive Env ironmental 
Response comp e n s a t ion and L ia b i l i ty Act ( CERCLA ) or 
( Sup erfund ) . Leg i s la t ive ena ctment o f  environmental 
r egu l a tory po l icy i s  a r e f l ect i o n  o f  increased pub l i c  
i n t e r e s t  i n  enviro nmental  qua l i ty i s sues , and in 
groundwa t e r  p r e s e rvat ion in  par t i cu lar . Longstand ing 
i n t e r e s t  i n  groundwa ter qua l ity mon i toring has e x i s t e d  a l so 
on the part o f  f ederal  agenc i e s , mos t  promi nent ly the 
U n i t e d  S t a t e s  Geo logica l Survey , as we l l  a s  s tate and local  
agen c i e s  o f  which s tatutory mand a t e s  requ i r e  the 
surve i l lance of the qua l i ty o f  groundwa te r . Aga i n s t  t h i s  
background o f  h e i ghtened inter e s t  o n  the p a r t  o f  pub l i c  
agenc i e s , p r i va t e  organ i z a t i o n s , and a t  l a s t  certa i n  
s e ctors o f  t h e  genera l pub l i c ,  there has  been a s t eady 
increase  in the number , and qua l i ty , o f  techn i ca l  art i c l e s 
r e l a t ed to groundwa t er qua l i ty n e twor k  d e s ign in  the 
hydro l o g i c a l  l i t er a tur e . Today , there ex i s t  methodo l o g i e s  
f o r  groundwa t e r  qua l i ty network d e s ign , s ometh ing t h a t  h a s  
been mad e  pos s ib l e  to a certa i n  ext ent b y  t h e  advances  in  
ana lyt i ca l ,  num e r i c a l  and s t a t i s t i c a l  mod e l l ing of  
groundwat e r  p r o c e s s e s achi eved over the last  two d e cade s . 
Under the ausp i c e s  o f  the comm i t t e e  o n  Probab i l i s t i c  
Approaches t o  Hydrau l i c s  D ivi s i o n s  o f  the ASCE ( Amer ican 
s o c i e ty o f  C i v i l  Eng ineers ) ,  the T a s k  Comm i t t e e  on 
Groundwa ter Qua l i ty Mon i tor ing Network D e s ign has been 
p r epared with an  ob j ec t ive to survey the techn i c a l  
l i t erature i n  t h e  f i e l d  o f  groundwa ter qua l i ty mon i tor ing 
3 0  
ne twork des ign and to ident i f y  and eva luate the mo s t  
p romi s ing methods o f  n e twork des ign . Th i s  e f fort begins 
with a d i s cu s s ion of mu l t ip l e  obj ect ive s , spa t i a l  scal es , 
and hydrogeo log ic  con s iderat ions , in  groundwa t e r  qua l ity 
mon i tor i ng network d e s i gn . 
I t  ha s been conc luded tha t  the rev i ew has i d ent i f ied 
the mos t  p rominent approaches to groundwa t er qua l i ty 
mon i tor i ng network d e s ign . These approaches serve a s  
gu i d e l ine  f o r  the p r e l iminary ana lys i s  o f  network des igns . 
Qu i t e  o f t e n , the f ina l and imp l ementab l e  s amp l i ng program 
is of a dynamic  nature and i n f luenced by i n s t i tut iona l 
f actors . I n  add i t ion , cons iderat ions r e l evant to qua l i ty 
contro l and qua l i ty a s surance ( QC / QA )  o f  a mon i toring 
p rogram ( O l son and H e f fner , 1 9 8 9 ) and s t a t i s t i c a l  data 
ana lys i s  ( G i lbert 1 9 8 7; McNicho l s  and Dav i s  1 9 8 8; 
s t a t i s t i c a l  1 9 8 9 ) p lay an  important ro l e  i n  groundwater 
qua l i ty mon i tor i ng . Qua l i ty contro l and qua l i ty as surance 
cons i d erat ions might imp o s e  r e s t r i c t io n s  o n  the ( t empora l )  
samp l ing f r equency , t h e  number o f  r ep l i c a t e  groundwater 
samp l e s  to be co l l e c t e d , and the cost of water samp l ing 
co l l e ct ion . s t a t i s t i c a l  con s iderat ions  ( that could be 
i nt roduced by QC / QA pro toco l s )  might d e t ermine the min imum 
number o f  groundwa t e r  samp l e s  needed i n  the co l l ect ion 
process  and the geome t r i c  d i s tr ibut io n  of s amp l ing s i tes  
( Lo a i c iga and Hudak , 1 9 8 9 ) . 
I n  summary , mo s t  o f  the ex i s t ing groundwa t e r  qua l i ty 
n e twork d e s ign methods make s evera l important imp l i ca t ions . 
F i r s t ,  the ma j or i ty o f  these  me thods a s s ume that d e c i s ions 
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to mon i tor a r e  mad e  once and for a l l , wi thout the 
opportun i ty for f eedback and a d j u s tment . Second , mo st  
network d e s ign me thod s o f ten use  surrogat e  obj ect ives for  
cost  and h e a l t h  cri ter i a . Third , i n  many i n s tance s ,  tho s e  
methods over s imp l i fy the hydrogeologic environment , with 
the methods u s e f u l n e s s  i n  more rea l i s t i c  s e t t i ngs rema in ing 
unproven . Fourth , the presented methods genera l ly do not 
c o n s i d e r  geophy s i c a l  and other i nexpens ive vado s e - zone 
mon i tor ing methods for obta in ing in forma t ion that has been 
shown to be he lpful i n  many c ircumstances  ( Ru s s e l l  and 
H i ger 1 9 8 8 ) . For examp l e ,  e l ec t r i c a l  conducti  vi ty 
measureme n t s  or  so i l  t e s t s can be u s ed to roughly d e l ineate 
contaminant p l ume a t  low co st ; their  r e s u l t s  can then be 
used a s  a ba s i s  for more e f f i c i en t  networ k  des igns . I n  
s ome i n s t an c e s , i t  i s  po s s ib l e  to mode l  to detect 
probab i l i t i e s  o f  geophy s ica l metho d s  and to  include these  
i s  an  eva lua t ion of  a l ternat ive mon i tor ing methods 
( Gr e enhous e  and Mon i er -w i l l i ams , 1 9 8 5 ) . 
I n  s p i te o f  the comp l ex i t i e s  a s s o c i ated w i th 
groundwa ter qua l i ty mon i toring ,  i t  i s  f a i r  to state  that 
over the l a s t  two decades there have b e en s i gn i f i cant 
d eve l opments that now p ermit the app l i c a t ion o f  metho d i c a l  
a n d  t e s table  approaches t o  groundwa ter qua l i ty mon i tor ing 
network d e s ign . Imp rovements i n  
transport and groundwa ter f low ,  
the mod e l l i ng o f  ma s s  
a s  we l l  a s  in f i e l d s  
i n s t rumenta t i o n  a n d  computer , have proven to be h ighly 
bene f i c i a l  in the devel opment o f  standard i z e d  method s  and 
we l l  d e f i n ed approaches for groundwa t e r  qua l i ty network 
d e s ign . 
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Equa l ly h e l p f u l  have been the advances i n  r i s k  
a s s e s sment a n d  geostat i s t i cal ana ly s i s . 
a numbe r  o f  ne twork d e s igns wh ich are 
Curr ent l y ,  we have 
app l i cab l e  to a 
var i e ty o f  groundwa ter qual ity mon i tor i ng s i tuat ions . The 
s ta t e  of the art is that they mo s t ly s erve as a too l for 
p r e l imi nary analys i s  and des ign . The o p i n ion o f  the Task 
Comm i t t e e  on Groundwa ter Qua l i ty Mon i toring i s  that there 
cont i nuous advances in hydrogeochem i s try , groundwa ter 
hydro logy , r i s k  and geo s tat i s t i c a l  analys i s . The s e  methods 
of groundwa t e r  qua l i ty mon i tor i ng network des ign w i l l  be 
imp roved and r e f ined , and they w i l l  be come ever mor e  useful  
i n  the important m i s s ion of environmenta l protection . 
2 . 6 .  S urface water and groundwater mod el :  
A s tudy have been conducted by E r i c  D .  swa i n  and 
E l i e z er J .  Wex l e r  ( 1 9 9 2 ) , wh ich is summa r i z e d  a s  per the 
f o l lows : 
I n  areas w i t h  dynamic  and hydrau l i ca l ly we l l  connected 
groundwater and surface water systems , it is d e s irable that 
s t r eam-aqu i f e r  i n teract ion be s imu l a t e d  w i th mod e l s  o f  
equa l soph i s t i c a t ion and accuracy . Accord ing ly , a new , 
coup l ed groundwat er and sur face wa t e r  mod e l  wa s d eveloped 
by comb i n ing the u . s .  Geo logica l survey mod e l s  MODFLOW and 
BRANCH . MODFLOW is  the widely used modu lar three 
d imens iona l , f in i t e  d i f f erenc e ,  groundwater mod e l ,  and 
BRANCH is a one d imen s i ona l nume r i c a l  mod e l  common l y  used 
to  s imu late f l ow in  op en channe l  networks . 
Because t ime s t ep used in  groundwa ter mode l l ing 
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common ly are much longer than tho s e  used i n  sur face wa ter 
s imu l a t i ons , prov i s ion has been made for hand l ing mu l t ip l e  
BRANCH t ime s t eps w i  thin one MODFLOW t ime step . 
Ver i f i cat ion t e s t i ng o f  the coup l ed mod e l  was done us ing 
data f rom previous s tud i es and compar ing resu l t s  with 
output f rom a s imp l er f our point imp l i c i t  open chann e l  f low 
mod e l  l i nked w i t h  MODFLOW . 
Ma thema t i ca l mod e l l ing has b e e n  deve l oped to a h igh 
degree o f  soph i s t i ca t i on in both groundwat er and surface 
wa t e r  d i s c ip l in e s . Interest i n  groundwat e r  and sur face 
water intera c t i o n s  has inspired r e s earch f o r  some t ime . 
P i nder and S aucer ( 1 9 7 1 )  coup l e d  the uns teady r iver 
que s t ions w i th the two d imens ional  groundwat e r  f low 
equat i ons to s tudy bank storage e f f ec t s . H a l l  and Moench 
( 1 9 7 2 ) u s ed the convo lution integral  to account for r iver 
l o s s e s  to bank s torage . Faye and Maye r  ( 1 9 9 0 )  used the 
U .  S .  Geo log i c a l  Survey ( USGS ) MODFLOW three-dimen s iona l 
groundwater f low mode l  with i t s  r iver package to mod e l  
s t r eam-aqu i f er r e l a t ions in t h e  northern c o s t a l  p l a in o f  
Georg i a . However ,  a robust scheme t h a t  coup l e s  two widely 
ac cepted mod e l s  to accura t e ly s imu l a t e  both the groundwa ter 
and sur f a c e  water f lows and t h e i r  interact ion has not 
previous ly b e e n  developed and wou l d  a l low s tr eam-aqu i f er 
i n tera c t i ons  to  be s imu lated which mod e l s  of equa l 
soph i s t i ca t i o n  and accuracy . 
T h i s  s e c t i on d e scr ibes a new coup l ed groundwat e r  and 
sur f a c e  wa ter mod e l ,  deve loped by comb in i ng the USGS mod e l s  
MODFLOW a n d  BRANCH . MODFLOW i s  the w i d e ly used modu lar 
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three d imens iona l f i n i t e  d i f f erence groundwa ter mode l ,  and 
BRANCH is a one d imens iona l numerica l mod e l  commonly used 
to s imu l a t e  f low i n  open chann e l  network s .  
mod e l  i s  r e f erred to a s  MODBRCH . 
Th i s  comb ined 
The MODFLOW groundwater f l ow mod e l  has a l r eady been 
p rovided w i th two modu l e s  that account for the lea kage to 
and f rom r ivers and canal s .  The r iver package a l lows 
r ivers with a f ixed spec i f i ed stage to b e  accounted for in 
the aqu i f er ( McDona l d  and Harbaugh , 1 9 8 8 ) . The str eam 
package account s  f o r  t h i s  l eakage but a l lows f low to be 
routed through the r iver sys tem by a s imp l e  rout ing 
t e chn ique ( Prud i c , 1 9 8 9 ) . ThU S , the coup l i ng o f  BRANCH 
w i  th MODFLOW i s  the next log ica l s t ep i n  increas ing the 
soph i s t i c a t i o n  of t h e  representat ion of r iver f l ow with a 
groundwat e r  mode l . 
The concept o f  hav ing BRANCH run a s  a subroutine o f  
MODFLOW i s  d eve loped due to the r e l at ive t ime s c a l e s  o f  the 
two mod e l s . Whe r e a s  the t ime s c a l e  of var i a t ions in the 
surface wa ter f low is on the order of minutes , the 
groundwa t er f low var i e s in hours , days or  even months . 
Thu s , the neces s i ty a r i s e s  to a l low mu l t i p l e  t ime steps to 
p a s s  in  BRANCH for each t ime s t ep in  MODFLOW . By runn ing 
BRANCH a s  a MODFLOW subroutine , each t ime MODFLOW runs one 
groundwat e r  t ime s t e p , BRANCH i s  ca l l e d  to s imu late the 
number of sur f a c e  water t ime steps  that equa l the 
groundwat e r  t ime s t ep . 
A scheme wa s s e t  up in  wh ich the l e a kage wa s ca lcu l ated 
i nd epend ently in  MODFLOW and BRANCH , as an  imp l i c i t  
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funct ion o f  the s tage in the r iver and the head i n  the 
corresponding aqu i f er However , when mu l t ip l e  BRANCH t ime 
steps occur i n  one MODFLOW t ime s tep , var ia t ion i n  r iver 
stages s imu l a ted by BRANCH occur r i ng wi t h i n  the MODFLOW 
t ime step a r e  not r epresented stage dur ing the MODFLOW 
t ime step . Thu s , i t  wou ld be po s s ib l e  for a f lood wave to 
p a s s  through the e n t i r e  r iver channe l in BRANCH , w i th 
BRANCH accoun t i ng for the ensuing r iverbed l eakage , and be 
tota l ly inv i s i b l e  to MODFLOW , wh i c h  wou l d  only record the 
r iver stages a t  the beginn ing and end of i t s  t ime s t ep . 
Each mod e l  v i ews the heads or  s t ag e s  p roduced by the 
other mod e l .  B a s e d  on this cons i d er a t ion , i t  wa s dec ided 
that a less numer ica l l y stab l e ,  but mor e  a c cura te , s cheme 
wou l d  be u s e d  when more than one BRANCH t ime step occurs 
w i t h i n  a MODFLOW t ime st ep . I t  invo lves ca l cu l a t ing 
average l eakage rate f o r  the mu l t ip l e  BRANCH t ime steps and 
us ing th i s  i n  MODFLOW as  the l eakage over the e n t i r e  
groundwa t er t ime s tep . The aqu i f e r  head a t  each BRANCH 
t ime s t ep i s  l in e a r l y  interpo l a t ed f r om the heads 
c a l cu l ated by MODFLOW a t  the beg i n n i ng and end o f  i t s  t ime 
s t ep . 
From the above s tudy i t  has been conc luded that the 
USGS mod e l s  MODFLOW and BRANCH have been coup l ed to a l low 
the s imu l a t i o n  of groundwa ter and sur f a c e  wa ter interact ion 
with soph i s t i ca t e d  mod e l s  o f  both s y s t em .  I t  wa s 
d e t ermined that the b e s t  scheme wou l d  have BRANCH operate 
a s  a subrout in e  of MODFLOW , a l low i ng mu l t i p l e  BRANCH t ime 
s teps to occur dur i ng one MODFLOW t ime s tep . When the t ime 
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s t ep l engths are the same in  MODFLOW and BRANCH , the 
l eakage quan t i t i e s  are ca lcula ted separa t e ly in MODFLOW and 
B RANCH . T h i s  i s  the mo s t  stab l e  s cheme numer ica l ly . 
Howeve r ,  when mu l t i p l e  BRANCH t ime s t ep o ccur w i thin one 
MODFLOW t ime s t ep , the average leakage rates c a l cu lated in  
BRANCH a r e  p a s s ed to MODFLOW . Th is  is  n e c e s sary for proper 
ma s s  ba lance to be conserved . 
Samp l e  run s have shown the va l i d i ty o f  MODBRCH ' s  
f o rmu l a t ion by compar i son to l e s s  comp l ex mod e l s . The new 
coup l ed mod e l  MODBRCH is mo s t  app l i cab l e  when rapid  cana l 
and aqu i f e r  change s  a r e  mod e l e d  in a we l l  connec t e d  system . 
I t  can be u s ed in  condu c t i o n  with the s imp l e r  r iver and 
s t r eam pa ckages , w i t h  BRANCH app l i ed spe c i f i ca l ly to the 
tran s i en t , mu l t i p l e  j un c t i oned or non - r ec tangu l a r  cros s ­
s e c t ioned r ivers . 
2 . 7 .  Hydro-behaviour o f  middle eastern d e s ert s o i l s : 
D e s e r t  so i l s o f  the M i d d l e  East are ma i n ly med ium-d ense 
to  dense sands , wh i ch may be o f  aeol ian or f luv i a l  ori g i n . 
O f t e n  t h e s e  s o i l s  are c emented by carbon a t e s  and sulphates 
a s  a r e s u l t  o f  evapo r a t i o n  o f  s a l ine groundwa t e r  ( A I - Sanad 
and Shaquor , 1 9 8 7 ; Shaquor , 1 9 9 0 ) . Dry ing rather than 
wett i ng is the mo s t  notab l e  phenomenon of d e s e r t  areas . 
However , rap id urba n i z a t i o n  has resulted in  the d i s turbance 
of the hydrogeo log i c a l  system in  many p a r t s  of the Midd l e  
Ea s t ,  and r i s ing groundwa t er has become a ma j or problem in  
s evera l c i t i e s  inc lud i ng Abu Dhab i ,  Al A i n , Duba i ,  Shar j a h ,  
Kuwa i t , Doha , Jedd a h ,  C a i r o  and many others . 
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Change s  i n  groundwa ter l eve ls  i n  the form o f  a gener a l  
or  loca l i z e d  r i s e  or a s  result o f  dewa te r i ng activ i t i e s may 
l ead to s e t t l ement or heave probl ems , own i ng to the change 
in packing of so i l  part i c l e s , hydrat ion-dehydra t io n  
proce s s e s , s a l t  d epo s i t ion a n d  s a l t  d i s so lut ion . R i s i ng 
groundwa t er tends to  increa s e  the compr e s s i b i l i ty o f  
granu l ar s o i l s  and may l ead t o  a s l ight s e t t l emen t  ( Paa l ,  
1 9 8 4 ) . From a s e r i e s  o f  te s t s , Reth a t i  ( 1 9 8 3 ) conc luded 
that f luctua t ion ( r i s e  and fa l l )  o f  the groundwa ter tab l e  
a lways resu l t s  in  con s o l idat ion , wh ich c a n  occur becau s e  o f  
cap i l lary act ion . Jenn ing and Knigh t  ( 1 9 5 7 ) and Sandra e t  
a l e ( 1 9 8 8 ) d i s cu s s ed s e t t l ement resu l t i n g  f r om the c o l lap s e  
o f  sandy subs o i l  on wett ing , ba sed o n  oedometer t e s t s  o n  
s amp l es a t  both natura l mo i s ture content and under 
i nunda ted cond i t ions . 
Ground h eave or s e t t l ement may a l so occur because o f  
the depo s i t io n  or  d i s s o lution o f  s o l ub l e  minera l s  b y  the 
act ion o f  groundwa t e r . Depo s i  t ion o f  s o lub l e  minera l s  
w i t h i n  the cap i l l a ry f r i nge i s  l ik e l y  t o  cause have a s  a 
r e su l t  o f  cry s t a l  growth pres sures . Many c a s e s  o f  a f f e cted 
roads and other sur f a c e d  area s ,  par t i cu l a r l y  where tra f f i c 
i s  l i ght , are we l l  documented ( B l ight e t  a l . ,  1 9 7 4 ; 
Toml inson , 1 9 7 8 ; Taylor and Cr ipps , 1 9 8 4 ) . S abka areas a r e  
character i z ed b y  evaporate minera l f o rma t io n ,  accompan i ed 
by b l i s t e r i ng in  dry s easons and d i s s o lu t i o n  in  wet seasons 
( S hearman , 1 9 6 3 ; Bu s h ,  1 9 7 3 ) . Proc e s s e s  o f  hydrat ion and 
dehydrat ion contr o l l ed by vegetation were d e s c r ibed in the 
Al  Khiran Sabka , south of Kuwa i t  ( Guna t i l a ka et a l . , 1 9 8 0 ) . 
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The r e s u l t s  o f  t e s t s  o n  vo lumetr ic changes o f  d e s ert sand s 
are p r e s ent e d ,  r e su l t ing from groundwa ter leve l 
f luctu a t ions . 
2 . 7 . 1 . Experimenta l procedure and test resul t s : 
T e s t s  were car r i ed out on un i f orm sand s amp l e s f rom 
Kuwa i t ,  known loca l ly a s  Jahra sand . Mod e l  samp l e s  o f  
med i um - d e n s e  and d e n s e  sand were prepared i n  stain l e s s  
s t e e l  boxes ( 3 0 0rnrn x 3 0 0rnrn x 3 0 0 rnrn ) . Sma l l  samp l es  o f  
d imen s i o n s  6 0rnrn x 6 0rnrn x 2 0rnrn were a l s o  p r epared . The 
mod e l  med ium-dense s amp l e s  were prepared to a un i t  
we ight o f  1 6 . 5  KN/ m3 , which corre s ponds t o  a re lat ive 
d en s i ty of 6 5 % , us ing a r a i n ing techn i qu e . The r a i n i e r  
cons i s t s  o f  a frame w i t h  the samp le b o x  f ixed a t  t h e  bo ttom 
a nd a f ee d  box a t  the top . Two s i eve s a r e  p la c ed betwe en 
the box e s . The base of the f eed box is p e r f orated and 
shu t t e r  contro l l e d , to  a l low sand r a i n ing . The ho l e  
d iame t e r  o f  the p l a t e  a n d  the spac i ngs b e tween ho l e s  
contro l t h e  relat i ve d e n s i ty o f  the prepared samp l es  ( E i d ,  
1 9 8 7 ) . By tr i a l  and error , ho le d iame t e r s  and spa c ings 
were var i ed unt i l  the r equ i r e d  relat ive d e n s i ty of 6 5 %  wa s 
a t ta ined , at  a ho l e  d i ame ter of 1 8  rnrn and a spacing o f  
6 0rnrn .  The mod e l  d e n s e  s amp l e s  ( 1 8 . 0  KN/ m3 ) were p r epared by 
pulve r i s ing the sand i n  bra s s  shear boxe s . The amount o f  
sand wa s we ighed t o  obta i n  med ium-de n s e  samp l e s . 
T e s t s  were carr i ed out to s tudy the f o l lowing 
cond i t io n s : 
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a )  E ff e c t  o f  r i s e  and f a l l  water l eve l s : 
Four un i f orm homogeneous samp l e s  o f  med i um-dens e  Jahra 
sand were prepared by the rain ing techn ique to a re lat ive 
d e n s i ty of 6 5 % . G l a s s  p l ates were l a i d  o n  the sur faces o f  
the s amp l e s , w i th d ia l  gauges f ixed a t  the top . Fresh 
wa t e r  was introduced into the boxe s  f rom the i r  bas e s  to 
i n i t ia t e  a water tab l e  cond i t ion in  the so i l  samp l e s . The 
wa t e r  l eve l wa s i n cr emental ly r a i s ed i n  f our s t eps  to 2 8 . 0  
cm above the bottom o f  the box . Vo l ume t r i c  changes  were 
mon i tored dur ing t h i s  r i s e  and therea f te r  during cyc l e s  o f  
r i s e  and f a l l  o f  wa t e r  leve l s . 
The vo lumetr i c  change of dense  Jahra sand as  a resu l t  
o f  satura t i on was a l s o stud i ed by i n tr o du c i ng fresh  wa ter 
f rom the ba s e  o f  a p r epared dense s amp l e . 
showed no s e t t l emen t  i n  respon s e  to w e t t ing . 
b )  E f f e c t  o f  s a l t  d epo s i tion and d i s so lu tion : 
i )  Ha l it e : 
Such samp l e s  
T o  s tudy the vo l ume t r i c  changes cau s ed b y  depo s i t ion o f  
ha l i t e , seawater w a s  evaporated f r om mod e l  and sma l l  
samp l e s  by hot a i r and oven dry ing , r e s p e c t ive ly .  Mod e l  
s amp l e s  o f  med i um -d e n s e  Jehra sand , p r e v i ou s ly prepared by 
the r a i n ing techn ique , were conn e c t e d  to a supp ly of 
s eawater . Hot a i r  ( at 4 0 - 5 0° C )  wa s p a s s ed across  the uppe r  
sur f a c e s  o f  t h e  s amp l e s  t o  promote evapora t ion . 
I n  ear ly tes t s  the upper sur f a c e s  were capped w i t h  
g l a s s  a s  ref erenc e s  f o r  measur ing vo l ume changes . I t  wa s 
f ound , however , t h a t  no s a l t s  were p r e c i p itate a t  the 
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sur f a c e s  be low the p la t e s  and there were no vo lume changes . 
S a l t s  were prec i p i tated o n l y  at the edges o f  the p l ates . 
The s o l i d  p l ates were replaced by perforated p lates with 
about 3 0 % open area , but even then , no s a l t  wa s 
prec i p i tated over a p e r iod o f  1 week . F i na l ly ,  the p lates 
and d i a l  gauges were tota l ly removed and the s amp l e s  were 
exp o s e d  to ho t a i r . Therea f ter s a l t s  s tarted to 
prec i p i ta t e  on t h e  sur faces  o f  t h e  samp l e s a n d  1 month 
l a t e r  s a l t  cru s t s  were we l l  d eve loped to th ickne s s e s  of 
0 . 5 - 2 . 0  mm . B l i s ters  o f  a f ew mi l l imetres a cro s s  and about 
5 . 0  mm in h e ight w i t h  open cav i t i e s  underneath were 
ob s erved . 
S a l t  concentra t ion be low the sur face crust  s e emed to 
d rop d ra s t i ca l ly ,  ind i c a t i ng l i t t l e  or no s a l t  d epo s i t ion . 
Howeve r , sa tura t ion by f r e s h  wa ter o f  one o f  the samp l e s  
cru s t e d  w i t h  c h l o r i d e  s a l t  caused d i s s o l ut i on o f  t h e  s a l t  
crus h  a nd l ed to s e t t l ement . One samp l e  was  s oaked from 
the bot tom by introdu c i n g  fresh wa ter and another was 
i nundat ed con t i nuous l y  f rom the top wh i l e vo lumetric 
chang e s  were mon i tored . 
i i )  Ca l c ium sulphate and carbonate : 
A s e r i e s  o f  t e s t s  were carried  out i n  w h i c h  su lpha tes 
and carbona t e s  were pr e c i p i tated chem i ca l ly to s imu late the 
format i o n  of such s a l t s  in natura l ly occur r ing uncemented 
s o i l s . A chem i c a l  p r o c e s s  was nece s s ary because i t  i s  
d i f f i c u l t  to prec i p i ta t e  cons iderab l e  amoun t s  o f  these 
s a l t s  d ir e c t ly by evaporat ion o f  seawa t e r , a s  their 
s o l ub i l i t i e s  are very low ( Brown low , 1 9 7 9 ) . Sma l l  and 
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mod e l  samp l e s o f  med i um-dense sand and mod e l  samp l e s o f  
d e n s e  sand were prepared with 2 %  by we ight o f  ca lc ium 
sulphate and ca l c ium carbonate s epara t e ly . The samp l e s  
w e r e  i n i t ia l ly m i x e d , f i r s t  with sod i um su lphate and then 
w i t h  sod i um carbona t e , and then an  adequat e  quan t i ty o f  
c a l c i um chlor i d e  s o l u t ion was introduced to  a l low chemical  
r ea c t ion to take p la c e . 
Hot a ir was p a s s ed across  the sur f a c e s  o f  the mod e l  
boxed samp l e s  to  enhance dry ing , whe r e a s  oven dry ing was 
u s e d  for sma l l  samp l e s . Vo lumetr i c  changes  were measured 
in the same way as for the chlor i d e  s amp l e s , by record ing 
the he ight o f  the s amp l e  before and a f t er s a l t  depo s i t ion . 
Swe l l i ng o f  0 . 5 - 1% was recorded in  the med ium-dense  mod e l  
s amp l e s , where a s  t h e  d e n s e  mod e l  samp l e s s howed a swe l l ing 
of 4 - 8 %  as  a r e su l t  of d epo s i t ion of carbona t e  and sulphate 
s a l t s  respect ive l y . Ac i cu l ar cry s ta l s  of ca l c i um sulphate 
were obs erved , whe r e a s  the carbonate s a l t  s howed lath- l ike 
crysta l s . Deta i l e d  d i s cu s s ion o f  the s e  r e su l t s  i s  g iven 
b e l ow .  
c )  E f f ect of hydration : 
To s imU l a t e  hydra t ion pro c e s s e s  w h i c h  can occur i n  
d e s er t  areas a s  a r e s u l t  o f  extr eme temperature s , other 
mod e l  samp l es of Jahra sand were prepared . The sand was 
mixed w i th 0 . 5 % by w e i ght o f  the s em i - hydrous minera l 
b a s a n i t e  and recon s t i tuted to a med ium-d e n s e  s ta t e  o f  1 6 . 5  
KN/m3 un i t  weight . F r e s h  wa ter wa s introduced from the ba s e  
whi l e  vo lumetr i c  changes were mon i tored . The use  o f  only 
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0 . 5 % basan i t e  wa s t o  i l lus trate the e f f ec t  o f  even minor 
amounts of such a mineral  in  changing the so i l  vo lume by 
hydr a t ion . 
T e s t s  to mea sure vo lumet r i c  changes o f  Jahra sand as 
r e s u l  t of chang i ng water l eve l s  wi thin the mod e l  boxed 
s amp l e s  have shown a s e t t l ement o f , on average ,  4 . 0  mm . 
The f i r s t  stages o f  the t e s t s  showed con t i nuous s e t t l ement 
dur i ng the r i s e  of wa t er l eve l . Add it iona l s e t t l ement wa s 
r e corded a s  a resu l t  o f  a rap i d  drop o f  the wa t e r  l eve l to 
the bot tom o f  the box , a f ter which no further movement was 
r ecorded d e s p i t e  repeated cyc l e s  of r i s e  and f a l l  of water 
l eve l . These r e su l t s  are in  agreement w i t h  tho s e  of 
R e tha t i  ( 1 9 8 3 ) , who recorded s e t t l ement dur i ng r i s ing 
groundwater l eve l s  as d i scussed  above . 
T e s t s  on Jahra sand compacted to max imum dry density 
and opt imum mo i s ture contents shown no s e t t l ement as a 
r e su l t  o f  r i s ing wa t e r  l eve l s . These resu l t s a r e  probably 
b e s t  exp l a i ned by r e ad j us tment of soi l par t i c l e s  to  a more 
s t a b l e  packing cond i t io n , caused by suct i o n  f o r c e s  induced 
d u r i ng the par t i a l ly s a turated state between dry to soaked 
cond i t ions . Such f o r c e s  were unable to a f f ec t  the sand 
wh i c h  was a l r eady comp a c t ed to the opt imum l eve l . 
p r e c i p i tat ion o f  c h l or i d e s  as  a resu l t  o f  evaporat ing 
s eawa ter by hot a i r  d r y i ng caused a very s l ight increase in 
vert i c a l  he ight ( o f l e s s  than 0 . 5 % )  in  bo t h  med i um-dense 
and dense Jahra s a nd s . The prec i p i ta t e d  s a l t s  were 
obs erved to concentr a t e  c l o s e  to the s u r f a c e  as salt  
crus t s ; be low th i s ,  the s a l t  concent r a t i o n  decreased 
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rap i d l y ,  a s  ind i c a t ed by the s a l t  content depth for two 
boxed samp l e s . Ove n - d r i ed sma l l  samp l e s  showed s imi lar 
sma l l  vo lume t r i c  chang e s  to a max imum of 1 % , a s  a r e s u l t  of 
p r e c i p i tat ion of very sma l l  amount of ha l i t e . U s i ng 
samp l e s  conta i n ing previous ly prec i tated c h l or i d e s , gradua l 
s e t t l ement to a max imum o f  0 . 6  mm was brought about by a 
gradua l and s t epped r i s e  o f  the water leve l . I nundat ion o f  
a s econd samp l e  s howed a rap i d  i n i t i a l  s e t t l ement o f  about 
1 . 2  mm ,  as a r e su l t  o f  d i s so lut ion of the s a l t  crus t ,  and 
gra dua l s e t t l ement t h e r e a f ter . 
T e s t s  invo l v i ng t h e  chem i c a l  prec i p i t a t i o n  o f  sulphates  
r e s u l t ed in a range o f  vo l um e t r i c  e f f ec t s  wh ich were 
apparently contro l l ed by part icular factors  in the var ious 
t e s t s ; typ e of s a l t ; me thod of dry ing ( whether by oven or 
hot a ir ) , wh ich s e emed to  i n f luence the r a t e  of prec i p i t ion 
of the s a l t s ; pore s i z e s  o f  the ho s t  sand p ar t i c l e s  and the 
f orm of crysta l l i z a t i o n . The i n f luence o f  t h e s e  factors i s  
d i s cu s s ed in  t h e  f o l lowing paragraphs . 
Prec i p i ta t i o n  o f  ca l c i um sulpha t e  and c a l c ium carbonate 
s a l t s  resul ted i n  a max imum increa s e  o f  up to  8 % . Samp l es 
i n  w h i ch sulphate sa l t s  were prec i p i ta t e d  s howed a greater 
i n c r e a s e  in  he ight than tho s e  conta i n i ng carbona t e  s a l t s . 
Th i s  mi ght be exp l a i ned in  part by the f orm o f  
cry s ta l l i z a t i on ; ac i cu l ar cry s t a l s  w e r e  obs erved in  the 
c a s e  of sulphate s ,  whe r e a s  carbonate and h a l i t e  cry s ta l s  
had l a th- l ike hab i t s . Sper l ing and Cooke ( 1 9 8 0 )  reported 
that a c i cu l ar cry s t a l f orms exert mor e p r e s sure than 
p r i sma t i c  or tabu l a r  typ e s . Pr i sma t i c and tabu l a r  crysta l s  
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exert p r e s sure than lath- l i ke forms ( W inkler and S inger , 
1 9 7 2 ) . S imi l a r l y ,  the d i f f erent swe l l ing character i s t i c  
may r e l a t e  t o  the hydrated nature o f  the ca l c i um sU lphate 
( gypsum )  compared w i t h  anhydrous ca lc ium carbonate and 
s o d i um chlor i d e . 
Resu l t s  o f  tests  o n  the l arge mod e l  samp l e s  s howed l e s s  
increa s e  i n  he ight than f o r  t h e  sma l l  samp l e s . Th i s  
d i f f ere nce  in  swe l l ing between hot a i r  and oven dry ing 
m ight be cau sed by var ia t ion in the rate of dry i ng , wh ich 
is suppo s e d l y  h igher i n  ove n - dr ied samp l e s . Th i s  might 
l ead t o  h i gher super s a turat ion rati os , wh ich wou l d  result 
in h igher crysta l l i z a t io n  p r e s sures ( W i n k l e r  and S i nger , 
1 9 7 2 ) and greater vo lum e t r i c  changes . 
D e n s e  Jahra sand exp e r i e nced grea ter increa s e  in  he ight 
as a r e su l t  of prec i p i ta t i on of ca l c ium s a l t  than d id the 
med i um- d e n s e  sand , a l though the amount of sa l t  was equal in 
both s o i l s  ( 2 % by we ight ) . The d i f f er en c e  could be 
exp l a ined by var i a t ion in pore s i z e s ; the s e  are pre sumably 
sma l l e r  i n  dense samp l e s  ( better  pack ing ) and c o n s equently 
crysta l l i z a t ion pre s su r e s  a r e  greater i n  the s e  s amp l e s  as  
d i s c u s s e d  ear l i er .  compar i n g  the total  por o s i ty o f  both 
med i um - d e n s e  and d e n s e  sands  ( 3 7 %  and 3 0 % r e s p e c t ive l y )  
w i th t h e  amount o f  pr e c i p i ta ted s a l t s  ( 2 %  b y  we ight ) shows 
that the pore spaces in both sands can eas i ly ac commoda t e  
the p r e c i p i ta t ed s a l t  w i thout neces sar i ly a n y  change i n  
v o l ume . To i l lustrate thi s ,  l e t  us as sume a un i t  vo lume o f  
1 m3 f o r  each o f  the med i um - d e n s e  and dense  s a nd s . 
For the med i um-dense s amp l e : 
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Bu l k  dens i ty o f  s o i l  i s  1 .  6 5  Mgm-3 
Poro s i ty i s  3 7 % ,  and hence vo lume o f  vo ids  i s  0 . 3 7 m3 
Ma s s  o f  s a l t  i s  0 . 2  x 1 . 6 5 0 . 0 3 3  Mg 
Vo lume of pre c i p i tated s a l ts is 0 . 0 3 3 / 2 . 3  
For d e n s e  sand : 
Bu l k  d en s i ty i s  1 . 8 2 Mgm-3 
0 . 0 1 4 3m3 
poro s i ty i s  3 0 % ,  an  hence vo lum e  o f  vo i d s  i s  0 . 3  m3 
Ma s s  o f  s a l t  i s  0 . 0 2 X 1 . 8 2 = 0 . 0 3 6 4 Mg 
Vo lume o f  s a l t  i s  0 . 0 3 6 4 / 2 . 3  = 0 . 0 1 5 8  m3 
I t  can be s e en that the volume o f  vo i d s  in  both 
med ium- d e n s e  and d en s e  Jahra sand samp l e s  is much greater 
than the vo lume of the p r e c i p i tated s a l t s . T h i s  m ight lead 
t o  expec tat ions of no consequent vo l umet r i c  change s ,  but 
a c tua l ly both so i l s  expanded . T h i s  expa n s i o n  can best be 
exp l a ined by the mecha n i sm of s a l t  depo s i t i o n , wh i ch is in 
p a r t  contro l l e d  by the pore s i z e s  and i n t erconnection s . 
S o i l s  w i t h  large pores  connected by n etworks o f  narrow 
p ores  are r e l a t i v e l y  sus cept i b l e  to expa n s i on by cry s t a l  
p r e s sures ( Taylor and c r ipp s , 1 9 8 4 ) . 
The s a l t s  were p r e c ip i tated by a l lowing the calc ium 
c h l o r i d e  so lut ion to r i s e  by cap i l lary a c t i o n , wh ich means 
that the so lution is mo s t ly concentrated at the contact 
b e tween the gra in s , and i t  is there that the s a l t  
depo s i t ion mo s t  probab ly occur s , lead ing t o  expans ion . For 
t h e  med i um-dense  sand , s l ight and imme d i a t e  read j u s tment of 
grains cou l d  be po s s ib l e ,  whereas for  t h e  d e n s e  sand such 
an  adj u s tment is u n l i k e l y ,  and cons equ en t ly a greater 
i ncrease  in volume may be expected . Th i s  may exp l a i n  the 
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measured var i at ion in vo lume tr ic  increa se  from about 1 %  for 
the med i um - d e n s e  to about 8 %  for the dense sand s . 
I t  wa s found that vo lumetr i c  changes o f  s o i l s  can occur 
as a r e s u l t  o f  proce s s e s  wh ich are common in d e s er t  area s . 
Such proce s s e s  are ma i n l y  groundwater l eve l changes , 
prec ip i ta t ion and d i s s o lu t i o n  o f  sa l t s . Mode l  exper iments 
on  med i um - d en s e  sand showed that cyc l e s  of  the r i s e  and 
f a l l  o f  wa ter l eve l s  can cause s e t t l ement wh ich is 
s i gn i f i cant a t  the f ir s t  stage o n ly and becomes n e g l i g i b l e  
a s  a c o n s equence o f  wat e r - l evel f luctua t i o n s . T e s t s  on 
a r t i f ic i a l ly cemented sand ind icated an i n c r e a s e  of vo l ume 
as a r e s u l t  of s a l t  d epo s i t ion or hyd r a t i on of previous ly 
depo s i te d  anhydrous s a l t s  in  the so i l .  Sur f a c e  s e t t l ement 
in r e s p o n s e  to d i s so lut i o n  of these s a l t s  by inunda t ion or 
r i s ing water l eve l s  was evident . 
2 . 8 .  Enviromenta l impact on concrete foundat ions : 
A s tudy by E z  za t Abd e l  Al  Shafy , Ca i ro un i vers i ty , 
( 1 9 8 9 ) wa s carr i e d  out and i s  summar i z ed a s  f o l l ows : 
S ix t y  one percent o f  the f a i lures i n  the s tructur a l  i s  
i n  t h e  f oundat ion des ign a c c o r d i ng t o  prev i ou s  records o f  
f a i lu r e s  a n d  3 9 %  o f  t h e  f a i lure i s  d u e  to cons truc t ion 
error s , wrongs ca l cu l a t i o n s  o f  shortage o f  bu i ld i ng ' s  
mater i a l s . 
f ounda t i o n . 
( F ig . I I . 3 )  s hows the cau s e s  o f  f a i lure in 
As s hown i n  ( F ig .  I I . 4 )  the so i l  r e s i s tance a t  
compr e s s i o n  decrea s e s  a s  t h e  d egree o f  s a tura t ion in  
increas e s . 
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The water w i l l  decreases  the s o i l  cohe s ion o f  c l ayey 
s o i l s and sandy s o i l s . The so i l s  re s i s tance r educed 
g r e a t l y  at d egree of s a turat ion of 1 0 %  to 5 0 % and gradua l ly 
a t  d egree o f  satur a t i o n  more than 5 0 % .  
A so i l  i s  s a i d  to b e  satura ted i f  the v o l ume o f  water 
in the vo id of the s o i l  is a lmo st  equ a l  the vo lume of the 
s o l i d  part i c l e s  of the s o i l  wh i ch can oc cur due to water 
s e epage f rom ma i n s  wa t e r  l i nes or dra inage p ipes l eaks . 
The l o s s  o f  s o i l  r e s i s tance beneath the f ounda t i on can 
ca u se  the s tructure to co l laps e . I t  can a l so  occur as  a 
r e s u l t  o f  care l e s s  t echn ique in  deep excava t i on b e l ow the 
wa t e r  tab le when so i l  par t i c l e s  are carr i ed i nto excava t ion 
by f l owing water , ( s e e  F ig .  1 1 . 5 ) . 
Groundwater s e epage can cau s e  l o s s  or d et er io ra t i on o f  
t h e  so lub l e  con s t i tuents o f  an indus t r i a l  wa s t e f u l  
m a t e r i a l .  
Surface eros ion can occurs due to l o s s  o f  mate r i a l  in  
winds  or eros ion by f l owing wa ter . 
The pos s i b i l i ty o f  underm i n ing o f  f ounda t i on can 
r ea d i ly be provided f o r  the f o l l owings : 
a .  spe c i f y i ng a m i n . depth o f  f o o t ing o f  about 0 . 3 m ,  
b .  Encouraging t h e  growth o f  vegeta t i o n ,  and 
c .  B lanking the e r o d i b l e  s o i l  by grav e l  or c l ay . 
Sur f a c e  eros ion by f lows water may be s e r i ous i f  
s tructure are in  the b o ttom o f  va l l eys . Founda t ion d epths 
is norma l ly a t  1 to 1 . 5  m deep o f  po s s ib l e  errors to f l ood 
wa t e r s  for wh ich dra i nage and paving for sur f a c e  pro t e c t i on 
s h o u l d  be cons idered . 
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Ser ious ero s ion can happ ened around the f oundat ion o f  
bridges or other s t ructure in  wat e rways subj ect  to heavy 
f l ood d i scharges such as Showeb d am in  U . A . E .  a s  an 
examp l e . 
Some ca s e s  o c cured to reported o f  subs i dence due to 
s o lut ion of m i n er a l s  as  a result  of water s e epage . 
Exc e s s ive pump i ngs and dewa t e r i n g  may l ead to c o l lapse 
o f  structure as  i l lus trated in F ig . I I . 6 .  
2 . 8 . 1 .  E f f ect o f  po l lution by s ewage on the propert i e s  of 
so i l : 
S o i l  i s  subj e c t e d  to p o l lu t i on by s ewage due to l eakage 
from f r a ctured by s ewers and manho l e s . I n  u n s ewered area s , 
the wa s t ewa ter i s  d i sposed by s ewage i n to the s o i l .  The 
substrate s o i l  in the conta i nment and n e i ghbourhood of t h i s  
wa ter , i n  turn , w i l l  rece ive and / or r e t a i n  chem i ca l s  and 
organ ic  ma tter v i a  d i f f erent mecha n i sm such a s  
a .  S a l t  s i ev i ng , 
b .  I nteract ion b e tween spec i f i c group s o f  the chem i ca l s ,  
c .  Prec ip itat i o n , and 
d .  Ad sorp t i o n . 
The eng in e e r i ng behav iour and prop e r t i e s  o f  so i l  under 
the e f f e ct of an  externa l load ing p a t t ern a r e  a funct i o n ,  
not o n l y , o f  t h e  pore f luid chem i s t ry ,  PH , geometry a nd 
o r i enta t i on o f  t h e  part i c l e s , but a l s o ,  o f  the mineral  
sur f a c e  proper t i e s  and the  content of  the sur f a c e  act ive 
agent . Accord i ng l y , it is  expected that any change of the 
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surround i ngs w i l l  a f f e c t the so i l ' s  eng i neer ing proper t i e s  
a n d  behaviour . A change , for examp l e ,  o f  the compo s i t ion 
and contents of the ex i s t ing cations may r e s u l t  in  a new 
energy equ i l ibr ium l eve l . T h i s  i n  turn w i l l  l ead to a 
change o f  so i l  ma s s  s tr ength . 
Furthermore ,  pre c i p i tat ion and r emova l o f  bond i ng 
ma t e r i a l , a s  carbona t e s , w i l l  r e s u l t  i n  s i gn i f i cant 
var i a t ions in  s o i l  r e s i s tance or s t ab i l i ty of the ba s i c  
bar i c  un i t . Thu s , any so i l  system vu lnerab l e  to a 
cont i nuous source o f  impos ing chem i c a l  s o lut ion wi l l  s eek 
a r e arrangement of the bas ic  f o r c e s  wh i c h  control i t s  
s tructure to a n e w  e ne rgy equi l ibr i um l eve l . 
I n  other word s ,  i f  the chem i c a l  compo s i t i o n  o f  the 
water in  the pores of the so i l  ( e s pe c i a l ly c l ayey s o i l  ) 
was changed then the r e s u l t ing e l ectrochem i c a l  pro c e s s  i s  
l i k e ly t o  a l ter the n a ture o f  the a d sorbed wa ter o f  t h i s  
so i l . Hence , t h e  phys i c a l  and mechan i c a l  prope r t i e s  o f  the 
c l ay are expected to  change . Thus the pore f lu i d  type and 
compo s i t ion strongly a f f ects  the eng ineer ing behaviour of 
the c lay . S evera l i nvest igations have s hown that the 
ads orbed water has important inf luence on  the phy s i ca l  and 
mechan i c a l  proper t i e s  of the c l ay . 
C lay shear s trength , on one hand , emerges a s  one o f  the 
mo st important character i s t i c  of many s o i l  mecha n i c  
prob l ems such a s  stab i l ity o f  s lopes ( e . g . , h i l l s i d e s  cut s , 
embankment s ,  etc . ) ,  bear ing capa c i ty ,  l a tera l earth 
pressur e , sheet i ng , o r  brac ing ,  and f r i c t ion d eve l oped by 
p i l e s . 
S O  
On the other hand , the con s o l idation o f  a so i l  st ra tum 
and the subs equ ent s e t t l ement o f  the sup e r s tructur e ,  also  
p l ay an important ro l e  
Fur thermore , the eng i n e e r  
in  founda t i o n  engineer ing . 
i s  not only inter e s t ed in the 
r a t e  o f  conso l i dat ion and the tota l amount of s e t t l ement of  
a g iven s truc ture but , p erhaps more importantly in  the 
r e l a t ive or d i f f erent i a l  s e t t l ement of the st ruc ture . 
2 . 8 . 1 . 1 . Laboratory tes t i ng : 
I n  order to d e t erm ine the phys ica l ,  mechan i c a l  and 
chem i c a l  prop e r t i e s  o f  the 
t e s t s  shou ld p e r f ormed on  
bor eho l e . The f o l lowing 
ground mat er i a l s , l aborat ory 
s e l e c t ed samp l e s  from each 
t e s t s  perf orm accord ing to 
Ame r i can s o c i ety For T e s t ing and Mater i a l s  ( ASTM ) and / or 
B r i t i s h  s tandards ( B S ) : 
a .  ASTM D 2 2 1 6 - 8 0 ,  " Laboratory Determ i n a t i o n  o f  Water 
( Mo i s tur e )  
M i xture" , 
Content o f  So i l ,  Rock and S o i l  Aggregate 
b .  ASTM D 4 2 2 - 6 3  ( 1 9 7 2 ) , "Part i c l e s  S i z e  Ana lys i s  of S o i l s "  
( Hydrometer Ana lys i s ) , 
c .  ASTM D 4 3 1 8 - 8 4 , " L iqu i d  L im i t , P l a s t i c  L i m i t  and 
P l a s t i c i ty I n d ex o f  S o i l s " , 
d .  B . S .  1 3 7 7  Part 3 1 9 9 0  , " Determ i n a t i o n  o f  Tota l 
Sulphate Content o f  S o i l and Ground Wa ter" , 
e .  B . S . 1 3 7 7  Part 3 1 9 9 0 ,  " De t erm i na t ion o f  Chlor ide 
content" , and 
f .  B . S .  1 3 7 7 : Part 3 :  1 9 9 0  " De t erm ination of the ph Value" . 
2 . 8 . 1 . 2 .  Mat e ri a l  chemical prop e r t i e s : 
a )  Sulphat e  content : 
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sulpha t e  a t tack t o  concr e t e , i s  we l l  documented 
phenomena and is caused by the p r e s e n c e  o f  hi gh sulphate 
content e i ther by the ingr e s s  o f  the sulphate of the 
surround ing environment , such a s , f oundat ions s o i l s  or by 
the presence of s u l phate in the concr e t e  ingred i ents , such 
as  the sand of aggregate , or both . The at tack r e s u l t s  in 
a cons ide rab l e  interna l expan s ion which may l ea d  to 
cracking and d i s i n t egra t i on of the conc r e t e . 
The B r i t i s h  s tandards Bs 5 2 3 8  : P a r t  1 : 1 9 9 0  " Gu i d e  to 
S peci f y i ng Concr e t e "  have stated requ i r ements for concrete 
exp o s ed to sulphate attack,  depend ing in  the concentrat i o n  
o f  t h e  su lpha t e  i n  t h e  surround i ng s o i l  or in water . Th i s  
requ ireme n t s  s ta t e  the type o f  c emen t  t o  b e  used , the 
m i n imum c ement content , the maximum free wa ter to c ement 
r a t i o . Add i t iona l ly ,  the Br i t i s h  Bu i ld ing R e s earch 
E s tab l i s hment ( BR E )  , in  UK have pub l i s hed d i ge s t  2 5 0 ,  
"Concrete in  su lpha t e  bearing s o i l s  and groundwater"  1 9 8 1 ,  
introduc ing s l ight a l ternat ives to the r equ iremen t s . 
The CIRIA Gu i d e  to Concrete Con s truct i o n  in  the Gu l f  Region 
( 1 9 8 4 ) c o n s i d e r s  that a chlor i d e  content in  exc e s s  o f  0 . 0 5 
% in  so i l  or groundwa ter may have a s ig n i f icant corr o s ive 
e f f e ct on  f ounda t ion r e i n f orcement where a d equa t e  
protect ive cover i s  n o t  provi d e d . 
I t  shou ld be noted , however , that pract ical  exp er i en c e  
have ind i cated t h a t  m i x e s  hav i ng b o t h  t h e  min imum c ement 
rat i o  re commended may result i n  concre t e  of low l evel o f  
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workab i l i ty such that f u l l  compact i on t o  a c h i eve dense 
concre t e  o f  neces sary d egree o f  impermea b i l i ty to res i s t  as  
much a s  po s s ib l e  chem i c a l  attack can not ea s i ly ach i eved . 
I t  may be there f or e , pract ical  to i nc r e a s e  the cement 
content wh i l e ma i n t a i n i ng the re commended water to cement 
r a t i o  i n  order to  obta in the appropr i a t e  workab i l i ty to 
a c h i eve f u l l  comp a c t ion of the concr et e . 
A copy o f  both B S  5 3 2 8  : Part 1 ,  ( 1 9 9 0 )  requ i reme n t s  
and d ig e s t  2 5 0  a r e  a t tached in  Append ix 1 1 . 1 . 
b )  Chlor ides  Content : 
Chlor ides  do not react expans ive ly w i t h  p o r t l and cement 
a s  do su lphat es . The i r  e f f e ct when p r e s e n t  i n  concr e t e  i s  
t o  increase  the r i sk o f  corro s ion o f  embedded meta l s  o f  
w h i c h  t h e  grea t e s t  vo l ume used i s  s t e e l  r e in f orcemen t . 
They can be t o l erated  in  p l a i n  concr e t e , a l though when 
p r e s ent in  l arge amount some sur f a c e  d ampne s s  may r e su l t , 
but w i d e spread and s e r i ous damage has  b e en caused by the 
use o f  chloride contaminated aggrega t e s  i n  re inforced 
concr e t e . The corro s i on produc ts  o ccupy more than tw i c e  
the vo lum e  o f  s t ee l ,  and  their  forma t ion can be ac compan i e d  
by p r e s sures a s  gre a t  a s  3 2  Njmm ,  r e s u l t i ng i n  cracking the 
concre t e ,  frequent ly f o l lowed by spa l l ing o f  the cover . I n  
s evere c a s e s  o f  corro s ion there may b e  a r educ t i on i n  
s e c t i o n  o f  t h e  r e i n f orc ing bars , l ea d ing to a l o s s  o f  
t e n s i l e  s trength o f  t h e  concrete . 
Due to the hos t i l e  c l imate that p r eva i l s  i n  UAE , i t  i s  
o f  utmo s t  importance t o  ensure that the max imum l im i t s  for 
c h l or i d e s  and s u lphates in  the aggrega t e s  components and in  
the concr e t e  are not exc eeded . 
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These I imi ts  mus t  be 
c l ea r ly stated in  the techn i ca l spec i f i ca t ions  of pro j e cts . 
Add i t i ona l ly ,  i t  i s  adv i s ab l e  that concrete cover for 
the steel r e i n f orcement be i n c r e a s ed i n  the bu i ld ings to 
protect the s t e e l  from the i ngre s s  of the c h l o r i d e s  p r e s ent 
in the 
s e a l ing 
surround i ng environmen t .  
o f  the concrete and 
cons idered . 
Sur f a c e  prot ect ion and 
s t e e l  should a l s o  be 
Evidences of concr ete crack ing and s t e e l  corro s i on were 
obs erved on  some o f  the o ld concrete e l ements ex i s t ing in  
UAE . 
S i nce corro s i on can be i n i t ia t e d  a t  l ower c h l o r i d e  
l ev e l  in s u l pha t e  res i s t i ng port land cement c o n c r e t e  than 
in  ord inary port land cemen t ,  the use of s u l phate r e s i s t ing 
port land c ement b l ended with a po z z o la n i c  mater i a l s  can 
r educe the r i s k  of damage caused by the su lphate 
contaminated aggrega t e s . If  c h l o r i d e s  a r e  a l s o  p r e s ent , 
the use  o f  s u l pha t e - re s i s t ing c ement may i n c r e a s e  the r i sk  
o f  corros ion of  re i n f orc ing s t e e l . 
2 . 8 . 3 .  Genera l d i s cus s ion for the cho ice o f  suitab l e  
foundations : 
I n  des i g n i ng f ounda t ions , the engineer mus t  sa t i s fy two 
ind ependent f ounda t ion stab i l i t y  requ i r ements , wh i ch mu s t  
b e  met s imu l taneous ly : 
a .  There s hou l d  be ad equa te s a f e ty aga i n s t  shear f a i lure 
w i th i n  the s o i l  ma s s  ( the app l i ed loads should not exceed 
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the a l l owab l e  b e a r i ng pres sure o f  the so i l  being bu i l t  
upon ) , and 
b .  The probab l e  max imum and d i f f eren t i a l  s e t t l ements of the 
s o i l ,  for a l l  part s  of the founda t i ons , mus t  be l imited  to 
a s a f e , t o l erab l e  l im i t s . 
2 . 8 . 3 . 1 . Footings on s ide : 
a )  Genera l :  
I f  the s i t e  i s  under l a i n  by s a nd , the cho i c e  o f  
f ounda t i on s  depends pr imar i ly o n  the r e l a t ive dens i ty o f  
the sand and on  the pos i t i on o f  the water tab l e . The 
r e l a t ive d en s i ty d e t ermines the bear ing capa c i ty and 
s e t t l ement whereas the pos i t ion of the water tab l e  has an  
apprec iab l e  i n f l u e n c e s  on the bearing capa c i ty and 
s e t t l ement . 
b )  Consideration o f  S ettlement : 
U n l i k e  cohe s i ve s o i l s ,  s e t t l ement in  cohe s i on l e s s  s o i l s  
takes p lace dur i ng the i n i t i a l  app l i c a t i o n  o f  f ounda t i on 
l o ad s , is t ime i n d ependent , and is in mo st  c a s e s  the 
govern ing f actor in s e l e c t i ng d e s ign s o i l  pressur e . A one  
inch max imum l im i t  of  s e t t l ement i n  bu i l d ings i s  genera l l y  
adopted on  t h e  prem i s e  that i f  the max imum s e t t l ement i s  
r e s tr i cted to t h i s  amount , the d i f f er e n t i a l  s e t t l ement s  
among the foot i ng s  o f  a g iven bu i l d ing wou l d  b e  w i  t h i n  
t o l erab l e  l im i t s . A r e lat ionship w a s  deve l oped as  ear ly a s  
1 9 4 8 ,  ( Te r z agh i a n d  P e ck ) , between s o i l  p r e s sure t o  produce 
a g iven s e t t l ement ( 1  inch ) and the N value from the 
s tandard penetra t i o n  t e s t  on the bases of general know l edge 
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o f  loads , s e t t l emen t and N va lues o f  var i ous sand supported 
f o o t i ngs . 
c )  Cons iderat ion o f  Bear ing Capac i t y :  
N o  comp l e t e ly ad equate v i gorous theory ex i s t  for 
ca l cu l a  t ing t h e  u l t imate capa c i ty of  f o o t i ngs . However , 
sat i s fa ctory approx imate so lut i o n s  have been obta i n ed on  
the  bas i s  of  v i gorous s imp l i fy i n g  a s sumpt ions . Ter zaghi 
1 9 4 8  and Meyerhof 1 9 5 5  demo n s trated  that the bearing 
capa c i ty o f  f o o t i ngs i s  der ived f rom two sourc es : 
a f r i c t i onal r e s i s tance due to the we ight o f  the sand b e l ow 
the l eve l o f  the f oot ing and a f r i c t iona l r e s i s tance due to 
the we ight of the surround ing sur charge o f  backf i l l . The 
uni t we ight of the sand is in i t s e l f  not an  important 
var iable in  t h e  d e t erm ina t ion o f  b e a r i ng capac i ty o f  a 
foot ing . However ,  i f  the sand i s  l o cated b e l ow the f r e e  
water sur f a c e , o n l y  i t s  submerged w e i ght i s  e f f e c t i ve i n  
produc ing f r i c t i o n  and there f o r e  t h e  po s i t ion o f  t h e  water 
tab l e  i s  w i t h  outs tand ing pra c t i c a l  importance in  
e s tab l i sh ing t h e  bear i ng capa c i t y  of  foot ing on sand , and 
the bear ing capa c i ty is a l s o  grea t ly i n f luenced by the 
r e la t ive d e n s i ty .  
The bear i n g  s o lut ions der ived show that the u l t ima t e  
bearing capa c i ty o f  foot ings on  s a n d  depends ma i n l y  on  f our 
var i ab l e s : t h e  p o s i t ion of the wa t e r  tab l e ,  the r e l a t ive 
d en s i ty o f  the s a nd , the width of f o o t i ng and the depth o f  
surcharge surround ing foot ing . A r e la t ionship b e tween the 
N va lue from that s tandard penetra t ion test and bear i ng 
capa c i  ty was e s t ab l i shed , however ,  t h i s  r e lat i o n s h i p  i s  
approximate . 
d )  cho i ce o f  the Type o f  Founda t ions : 
The cho i c e  o f  part i cu lar type o f  
upo n  the character o f  the s o i l ,  the 
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f ounda t i on d epends 
magn i tude o f  the 
imp o se d  loads and on  the pro j ect character i s t i c s . One 
cho o s e s  the type of f oundat i on wh ich is not merely s a f e  but 
a l s o  econom i ca l .  
e )  Protection From So i l  Envi ronment : 
I f  the chem i c a l  t e s t  resu l t s  show t hat the s o i l  
envi ronment i s  cons i d ered ho s t i l e  t o  t h e  a d j acent concre te , 
therefore , a l l  subsurface s tructu r e s  shou l d  be tota l ly 
protected by i so l a t i ng the structure w i th approp r i a t e  
protect ive coa t ing or she e t i ng . 
a l s o  be increa s e d . 
The concrete cover sha l l  
The re commenda t i o n s  o f  the B S  5 3 2 8  and BRE d i g e s t  2 5 0  
for the pro t e c t ion o f  the structure s  a d j u s tment to the s o i l  
cont a i n ing su lpha t e  content shou l d  be f o l l owed . C I RIA 
S p e c i a l  Pub l i c a t i o n  3 1  ( The CIRIA Gu i d e  to concrete 
cons t ruction 
C o n s t ru c t i on 
i n  t h e  Gu l f  
I ndus try 
Region 
Research 
pub l i shed by the 
and I n f orma t ion 
A s s o c i a t ion , London 1 9 8 4 )  cons i d e r ed both sulpha t e s  and 
c h l o r i d e s  contam i n a t i o n  of  so i l s ,  groundwat e r  a n d  
aggr egates i n  var ious expo sure cond i t i o n s  to a l l  f orms o f  
concrete construct ion . The recommend a t ions o f  t h e s e  
pub l i cat ions shou l d  be f o l lowed a s  a t tached in App end ix 
1 1 . 1 . 
CHAPTER 3 
THEORETICAL APPROACH 
3 . 1 . Introduct ion : 
I n  t h i s  chap t e r  the bas i c  equa t ions  that govern the 
groundwat e r  f low i n  porous med i a  are presented . The 
equat i o n s  o f  f low mot i on a r e  d e r ived from two ba s i c  
princip l e s : Darcy ' s  law ,  and the con t i nu i ty equa t i o n . 
3 . 2 .  Darcy ' s l aw : 
I n  1 8 5 6 ,  Henry Darcy pub l i sh e d  h i s  f i nd i ngs a f t e r  
stud i e s  o f  f l ow through porous med i a . Darcy ' s  equa t ion for 
f l ow through a s a turated , i sotrop i c ,  porous med i um has  the 
form o f : 
_ k dh 
ds 
wher e ,  
h hydrau l i c  head [ L ] , 
s d i s tance i n  the d irect i on o f  f low [ L ] , 
( 3 . 1 ) 
k hydrau l i c conduct ivity o f  the i so trop ic  medium [ LT- 1 ] ;  
q.,= spec i f i c d i s charge in the " s " d i r ect ion [ LT- 1 ] .  
The nega t i ve s i gn i nd icates tha t the f l ow i s  from a reg ion 
o f  h igher t o  l ower head r e l a t ive to  the pos i t ive " s "  
d i rect ion . The s p e c i f i c d i scharge " q� .. i s  a l so  known a s  
Darcy ' s  v e l o c i ty or average ve l o c i ty . I n  two d imen s i o n s , 
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the ve l o c i ty vector "q" has componen t s , "q."  and I Iq� 
I I ; and 
the genera l i z ed s e t  of equat ions can b e  wr i t ten in the f orm 
o f : 
( 3 . 2 a )  
( 3 . 2 b )  
Th i s  s e t  o f  equa t ions expo s e s  t h e  f a c t  that there are 
a c tua l ly f our components o f  hydrau l i c conduct ivity i n  the 
general case of two d imensional f l ow .  I f  these  components 
are put in  a ma t r i x  f o rm ,  they form a s e cond - rank symm e t r ic  
t en s o r  known a s  hydra u l i c  conduct ivity tensor ( Bear , 1 9 7 2 ) . 
For the spec i a l  c a s e  kxy=ky�= O t h e  f our components a r e  
reduced to two kx ' and ky ; a n d  the s imp l e s t  genera l i z a t ion 
wou l d  be a s  f o l l ows : 
( 3 . 3 a )  
( 3 . 3b )  
The neces sary and suf f i c i ent cond i t ion that a l l ows the 
use of  equat ions ( 3 . 3 a & 3 . 3 b )  rather than equa t i ons ( 3 . 2 a 
& 3 . 2 b )  i s  that the p r i n c ipal d i r e c t i o n s  of  a n i s o tropy 
c o i n c i d e  w i th the cartes ian coord i n a t e s  axes . I n  most  
ca s e s  i t  i s  po s s ib l e  to choose a c o o r d i n a t e  system that 
s a t i s f i e s  t h i s  requ ir ement . 
Va l id i ty o f  Darcy ' s  l aw i s  not u n l i m i t ed . I t  has been 
r e cogn i z ed that a t  very h i gh rates  of f low , Darcy ' s  l aw 
breaks down . B e a r  ( 1 9 7 2 ) summar i z ed the exper imenta l 
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evidence w i t h  the s tatement tha t " Darcy ' s  law i s  va l i d a s  
long as  the Reyno ld ' s  numb e r  b a s e d  on  average gra in 
d iameter d o e s  not exceed some value  b e tween 1 and  10  " 
3 . 3 .  cont inu i ty equat ion : 
For s t eady state  cond i t i on s , c o n t i n u i ty requ i r e s  that 
the amount of wa t e r  f lowing into a r ep r e s entat ive e l emental  
vo lume be equa l to the amount f low i n g  out o f  i t . T h i s  i s  
true w i t h  the a s sumpt ion that f lu i d  i s  incompres s ib l e  and 
the e l ement a l  vo l ume inc ludes  ne i th e r  a s ource nor a s i nk , 
p = constant ( 3 . 4 )  
and 
Ap I At o ( 3 . 5 ) 
wher e ,  
p i s  the f lu i d  dens ity [ ML� ] ;  and  
t i s  the t ime [ T ] . 
Th i s  a s s umpt ion i s  we l l  accepted s i n c e  the f low under 
con s i d era t i o n  is a s ing le  pha s e  f l ow and the f lu i d  i s  
water . 
W i th t h e s e  a s s ump t i ons , the c o n t i nu i ty equa t i o n  for  
water f l owing in  two d imens ions takes  t h e  s imp l e  f orm o f : 
( 3 . 6 ) 
3 . 4 . Lap lac e ' s equat ion : 
Comb i n ing equa t ions ( 3 . 3 a & 3 . 3 b )  w i th equat i on ( 3 . 6 ) 
r e s u l t s  i n  Lap l a c e ' s  equat ion wh i c h  i s  s e cond order par t i a l  
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d i f f erent i a l  equat ion : 
o ( _  k oh ) + 0 ( _ k Oh ) = 0 ox z ox oy y oy ( 3 . 7  ) 
and for a prob l em w i th homogeneous i s o trop ic  med i a , 
Lap lace ' s  equa t ion takes the form o f : 
o�b = 0 + --or ( 3 . 8  ) 
Th i s  equat ion i s  the govern ing equa t i on for groundwa t e r  
f l ow through an i so tr op i c ,  homogeneous med ia under steady 
s t a t e  f low cond i t i o n . 
3 . 5 . Pois s on ' s  equa t i on : 
For the con t i nu i ty equa t i on , i t  was a s sumed that the 
e l ementa l vo l ume under cons idera t i on d o e s  not inc lude 
n e i ther a s ource nor a s ink , but in  c a s e  of r e charge f rom 
p r e c i p i t a t i o n  or d i s charge from a we l l ,  change in  vo lume 
should be cons id er e d . 
Two n ew t e rms shou l d  be d e f ined now , the f ir s t  i s  the 
t erm R ( x , y }  wh ich is  ca l l ed the d i s charge funct i o n ,  and i t  
r ep r e s e n t s  the vo l ume o f  water added p e r  u n i t  t ime per un i t  
a r ea around t h e  p o i n t  ( x , y )  . The t erm R ( x , y )  i s  u s ed to 
represent both d i s t r ibuted and po int sources w i th po s i t ive 
" + "  va lues  and s inks w i th negat ive " _ " value s , and it has 
the un i t s  [ LT- 1 ] .  The s e cond i s  the t e rm transm i s s i t ivity 
" T" wh ich is  the product o f  the hydrau l i c condu c t i v i ty "k"  
and the aqu i f er s a turated thickne s s  " b " , 
T = k b ( 3 • 9 ) 
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Sub s t i  tu t i ng i n  equat ion ( 3 . 7 ) , resu l t s  i n  the we l l  
known Po i s son ' s  equa t i o n  
o ( T ob ) + � ( T ob ) = - R (x ,  y) ox ox oy oy 
and for  a prob l em with a homogeneous i s otrop i c  
( 3 . 1 0 )  
aqu i f er ,  
Lap l ace ' s  equa t i on ( 3 . 8 ) becomes  equ iva l ent to Po i s son ' s  
equa t i on in  the f o rm o f : 
- R (x, y) 
T 
3 . 5 . 1 . Pois son ' s  equat ion for conf ined format ion : 
( 3 . 1 1 )  
Equat ion ( 3 . 1 1 )  i s  the govern i ng equa t i on f o r  the 
groundwa ter f l ow i n  conf ined media with uni form thi ckne s s  
"b" . 
3 . 5 . 2 .  Pois son ' s  equat ion for unconf ined forma t ion : 
For unco n f i n ed aqu i f er ( f r e e  aqu i f er ) , the th i ckne s s  
o f  t h e  f l ow i ng water i s  varying w i t h  d epth so  that the 
transm i s s i v i ty is  no l onger constan t ,  even if  the a qu i f er 
i s  homogenous and i s otrop i c . I n  t h i s  ca s e  the 
transm i s s iv i ty is  r epre s ented by : 
T = k h ( 3 .  1 2  ) 
sub s t i tu t i ng i n  equat ion ( 3 . 1 0 ) , i t  takes  the f orm o f : 
k � bob + k � bob = - R (x, y) ox ox oy oy 
Tak ing into cons idera t i on that 
b ob = 1 / 2  ob2 ox ox 
( 3 . 1 3 )  
( 3 . 1 4 )  
and subs t i tut ing i n  equa t i on ( 3 . 1 3 ) , i t  l eads  to 
-2 R (x,  y) 
k 
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( 3 . 1 5 )  
I t  i s  pre f er r e d , s ome t imes , to r ewr i t e equa t i on ( 3 . 1 5 )  in  
the form o f : 
-2 R 
K ( 3 . 1 6 )  
where , 
put i t  in  the l i near f o rm and so lve d ir e c t ly for "u" . 
3 . 6 . Trans i ent f low equa tions : 
The gener a l  f orms o f  equa t i o n s  ( 3 . 1 1 )  and ( 3 . 1 5 )  for  
f l ow through i so t r op i c ,  homogenous con f i ne d  and unco n f ined 
aqu i f er i n  uns teady f l ow state take the f o l lowing forms 
( Wang and And e r s on , 1 9 8 2 ) 
{)2h {)2 h + --
{) x� {)r 
and 
{) 2 h2 {)2h2 -- + --
{)r llr 
where , 
8 - -T 
{) h  
{) t  
2 8 
k 
R ( x, y, t)  
T 
{)h 2 R ( x, y, t}  
ll t k 
( 3 . 1 7 )  
( 3 . 1 8 )  
" s "  i s  the s torage coef f i c i ent wh i c h  represents the 
vo l ume o f  wa t e r  r e l ea s ed for the s to rage per un i t  area o f  
aqu i f er p e r  u n i t  d e c l i n e  in  head . 
That i s  
- A V", s = --:--,-----=� Ax Ay A h  ( 3 . 1 9 )  
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whe re , 
"!:J.V" " i s  the vo lume o f  water re l ea s ed f rom s torage 
w i t h i n  the e l emental vo lume who s e  a r ea is "!:J..x!:J.y" . 
The s torage coe f f i c i ent f o r  a n  unco n f i n ed aqu i f er i s  
a l s o  ca l l ed spe c i f i c  y i e l d . I t s  va l u e  i s  1 0 0  t o  1 0 0 0  t imes 
gre a t er than its va lue in c a s e  of c o n f ined aqu i f er . Th i s  
i s  becau s e  change s i n  s torage r e su l t s  f rom d ewa t e r i ng or 
sa tura t i ng the aqu i f er ,  wh i l e i n  the c o n f ined aqu i f er water 
i s  r e l ea s e d  because o f  compr e s s ion of the aqu i f e r . 
I t  i s  c l ear that equations ( 3 . 1 7 )  and  ( 3 . 1 8 )  agree w i t h  
equa t i ons ( 3 . 1 1 )  and ( 3 . 1 5 )  in  s t eady s ta t e  cond i t ions a s  
" o h / o t  = 0 " . 
3 . 7 .  Boundary condi tions : 
I n  some s i tuat ions the aqu i f er area i s  l arger than the 
pro j ect area and the phys i c a l  boundar i e s  of the aqu i f er 
shou l d  b e  i n c luded in  the mode l .  But i t  i s  s ome t imes 
impra c t i c a l  t o  i n c lude one or more of these bounda r i e s  in  
the  mode l .  A f i ct i t ious boundary shou ld be created i n  the  
mod e l  in  such a way that i t s  e f f e ct  o n  the  mod e l  i s  a lmost  
the  same a s  the e f f e ct o f  the phys i c a l  boundary on  the  
aqu i f er syst em . 
The i n f luence o f  an art i f i c i a l  boundary can be checked 
by compar i ng the r e su l t s  of two s imu lat ion runs u s i ng 
d i f f erent art i f i c i a l  boundary cond i t i o n s . 
The boundary cond i t i ons have s evera l ,  d i f f erent type s : 
cons tant head , s p e c i f i ed head , s t r eam sur f ac e , spec i f i ed 
f lux , head d ependent f lux , f r e e  sur f a ce , and s e epage 
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sur f a c e , ( Franke , Re i l ly and Benne t t , 19 8 7 ) . 
I n  t h i s  s tudy , two boundary typ e s  are d e a l t  w i th a s  
they a r e  t h e  common typ es in t h e  usua l dewa t e r i ng 
s i tuat ions , the s e  are , the constant head boundary and the 
spe c i f i e d  f lux boundary . 
3 . 7 . 1 . The constant head boundary : 
The constant head boundary cond i t ion ( a l so ca l l ed 
D i r i c h l e t  cond i t io n s ) i s  pres ented by the equa t ion 
h e x  , y , t )  = cons tant ( 3 . 2 0 )  
Th i s  boundary type is  usua l ly u s ed whenever the doma in 
is i n  d irect hydrau l i c contact with a r iver or a lake in 
wh i ch t h e  wat e r  l ev e l  i s  known . I t  i s  a l so used to 
repr e sent the groundwater tab l e  e l evation s urroun d i ng the 
c ir c l e  of pump ing i n f luence in a d ewater i ng r eg ion . 
3 . 7 . 2 .  The constant f lux boundary : 
The cons ta n t  f l ux cond i t ion ( a l s o  c a l l e d  Neumann 
cond i t io n )  is p r e s ented by the equa t i on 
6h I 6 s  = constant ( 3 . 2 1 )  
wher e ,  
" s " i s  the norma l d i s tance t o  the boundary . 
Th i s  boundary type i s  used when a s p e c i f i c f lux ( f low ) 
i s  known t o  cro s s  the boundary . 
As a spe c i a l  ca s e  o f  t h i s  cond i t i o n ,  the no - f l ow 
boundary , or the impe rmeable boundary , i s  p r e s ented by the 
f o l l ow i ng equat io n  
6h I 6 s  = 0 ( 3 . 2 2 )  
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Th i s  c a s e  repr es ents the impervious boundary . I t  i s  
a l so  u s e d  i n  c a s e  o f  symme t r i c  cond i t i o n s  wher e  there i s  no 
f low a long the ax i s  o f  symme try . 
3 . 8 .  I n i t i a l  cond i t ions : 
De f in i t ion o f  i n i t i a l  cond i t i o n s  means speci f y i ng the 
head d i s tr ibu t i on throughout the sys t em at some particular 
t ime wh i ch i s  the  z ero t ime l eve l i n  the s imu l a t ion run . 
The i n i t i a l  cond i t ions are repres ented by the equat ion 
h e x  , y , 0 )  = h e x  , y )  ( 3 . 2 3 ) 
I n  t h e  s t eady state  s imu l a t ion , i n i t i a l  cond i t ions are 
not of  t h a t  importance . I n  contra s t , i n  a tran s i ent state  
prob l em ,  the i n i t i a l  cond i t i o n s  should be d et erm ined 
through a s t eady s t a t e  s imu l a t ion of  the sys tem a t  
equ i l i b r i um ,  otherw i s e  t h e  s imu l a t ed h e a d s  at  d i f f erent 
t ime l ev e l s  a r e  unre l i ab l e . 
CHAPTER 4 
NUMERICAL S IMULATI ON 
4 . 1 . Des i gn o f  groundwater mode l s : 
4 . 1 . 1 . I ntroduct ion : 
The d e s i gn o f  groundwa ter mod e l s  needs experience , 
t ime , e f fort , and money . I t  a l s o  needs a great d e a l  of  data 
about the g e o l o g i c  s e t t ing and hyd r o l o g i c  cond i t ions o f  the 
aqu i f e r  to be mode l ed . The mod e l ' s  d e s ign goes through 
e i ght s t age s ,  the s e  a r e : 
( 1 ) The cho i c e  o f  the s u i t a b l e  modu l a r , 
( 2 ) prepar a t i o n  o f  input data , 
( 3 )  De f in i t io n  o f  i n i t i a l  cond i t io n s , 
( 4 )  Cho i c e  o f  t ime s t ep and mesh s p a c i ng , 
( 5 )  D e l i n e a t i o n  o f  aqu i f e r ' s  boundary cond i t i ons , 
( 6 )  Ca l ibr a t i o n  and ver i f i ca t ion , 
( 7 )  s en s i t ive l y  analys i s , and 
( 8 )  Pred i c t i o n . 
Groundwa t e r  mod e l s  are s imp l i f i e d  tran s lat ions o f  
na tura l aqu i f e r  s y s t ems i n  f orms o f  sand tanks , ana log 
mod e l s , o r  s y s t ems o f  mathema t i c a l  equa t ions . By having a 
reasonab l e  expe r i en c e , these  mod e l s  a r e  easy to u s e  and can 
give va r iab l e  i n s ights on the behav i our of  aqu i f ers  under 
d i f f erent natur a l  or man-made changes . 
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I n  order t o  b e  va luab l e  pred ict ive too l s , groundwa ter 
mod e l s  should be based on reasonab l e  a s sumpt ions , 
c a l ibra t e d  and ver i f i e d  w i th enough hydrogeo l o g i c  data , and 
s en s i t ive enough to changes in  hydro l o g i c  parameters  o f  the 
a qu i fer it mode l s . 
By u t i l i z i ng the pred i c t ive capab i l i t i e s  o f  ca l ibrat ed 
and ver i f i ed groundwa ter mode l s ,  d i f f erent aqu i f er ' s  
d ev e l opment p lans can be eva luated . Groundwater mode l s , 
a l l ow e s t ima tes  o f  l eakage f rom s em i - c on f i n ing bed s , 
e f f e c t  o f  boundar i e s  and boundary cond i t io n s , and e f f e ct o f  
we l l  locat ions and spa c i ng . Groundwat er mod e l s  are  a l s o  
provide a s s e s sments o f  s a f e  y i e l d , movement o f  s a l t  wa ter­
fresh wa ter inter f a c e , and e f f ect  of  na tura l and man made 
changes on hydrau l i c  heads of mod e l ed aqu i f er s . 
The cho i c e o f  the r ight mod e l  and exp e r i ence o f  the 
mod e l l er s  are key factors for the succ e s s  of  any mod e l l i ng 
s tudy . B e cause the errors r e s u l t  from nume r i c a l  s o lu t i o n s  
and computer ca l cu l a t ions are neg l i g i b l e  compared to t h e  
u s e  o f  an  i nappro p r i a t e  mod e l  or e r r o r s  i n  data entry . 
4 . 1 . 2 .  Cho ice o f  the mode l :  
The cho ice  o f  the r i ght computer code to d e s ign a 
mod e l  f o r  part icular aqu i f e r  i s  a c r i t i ca l p o i n t . Becau s e  
o u t  o f  thousands o f  ava i l a b l e  computer cod e s , o n l y  f ew have 
b e e n  t e s t e d  and are proved r e l ia b l e . S ome o f  these  mod e l s  
can han d l e  more than one prob l em and c a n  b e  ea s i ly mod i f i ed 
by the u s er to s a t i s fy i t s  s i t e  spec i f i c  hydrogeo l o g i c  
cond i t i o n s . 
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4 . 1 . 2 . 1 . I nput data : 
A great dea l o f  data i s  requ i red b e f o r e  any attempt 
can be made to mode l  the groundwa ter f l ow in aqu i f er . It i s  
important to stre s s  that any mod e l  i s  as  good as  the data 
o n  wh i c h  i t  is  ba sed . 
Four general catego r i es o f  i n f ormat ion a r e  needed for  
u s e  i n  the mod e l s : ( a )  Aqu i f er parame t e r s  ( hydrau l i c 
condu c t i v i ty and s torage coe f f i c i en t ) ,  ( b )  Aqu i f er geometry 
( ve r t i c a l  a r e a l  exten t ,  of the aqu i f er ) , ( c )  boundary 
cond i t i on s  ( hydrau l i c  cond i t ions at the l im i t  of the 
aqu i f er ) , 
d i scharge ) . 
and 
A 
( d )  Aqu i f er ' s  
summary o f  the 
pred i c t ion mode l  is as f o l lows : 
a .  Parameters , 
- Transm i s s i v i ty . 
- s torage co e f f i c i ent . 
- L eakage coe f f i c i en t . 
- poro s i ty .  
- Aqu i f er t h i cknes s .  
b .  Sourc e s  or s i nks , 
- pump ing . 
- Art i f i c i a l  r echarge . 
- Natur a l  r echarge . 
- Natur a l  d i s charge . 
c .  Boundary cond i t ions , 
s t r e s s e s  ( r echarge 
da ta requ i r ements 
- I mp e rmeab l e  barr i er ( no - f low ) . 
- P r e s c r ibed f lux . 
- P r e s c r ibed hydrau l i c head . 
and 
for  a 
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d .  I n i t i a l  cond i t ions , and 
- P i e z ometr i c  head at the start o f  mod e l  s imu l a t i o n . 
e .  Pred icted var i ab l e s . 
- P i e z ometr i c  head l eve l . 
- F low veloc i ty ( Darcy ) . 
- S eepage veloc i ty . 
The d i str ibu t i o n  o f  transm i s s i v i ty and s torage 
co e f f i c i ent , mus t  be spec i f ied at  a l l  po ints w i t h i n  the 
aqu i f er . I f  pump i ng t e s t s  have been car r i ed out , va lues o f  
t h e  transm i s s i v i ty a n d  s torage coe f f i c i ent can be obta ined 
at  d i f f erent p o i n t s  throughout the aqu i f e r . The s e  pump ing 
t e s t s  a r e  par t i c u l a r l y  va luab l e  s i nce they measure the 
actua l hydrau l i c prop e r t i e s  of the aqu i f e r  ( Rushton and 
Reds haw , 1 9 7 9 ) . Due to the lack of f i e ld data , other 
sources of in forma t ion inc lud ing geo l o g i c  and hydrogeo l og i c  
map s  can b e  u s e d  t o  e s t imate t h e  va lues  o f  aqu i f e r ' s  
transm i s s iv i t i e s  and storage coef f i c i en t s . 
wa ter enters and l eaves that aqu i f er in  a wide var i ety 
of  ways . I n f lows o r  r echarge occur through precip i t a t i o n , 
i r r i ga t ion , leakage f r om dra i n s  and s ewer s , and wa t e r  
cour s e s  l o s s e s . outf l ows f rom the aqu i f er may be natur a l  
outf l ows to spr i ngs or r iver s , f lows t o  t h e  s e a  o r  a d j acent 
aqu i f e r s  and a r t i f i c i a l  wi thdrawa l of  wa ter . 
H i s t o r ical d a t a  i s  important f o r  the cons truc t i o n  o f  a 
groundwa t er mod e l  becau s e  the var i a t i o n s  in  groundwa t e r  
h e a d s  a r e  used to prov i d e  i n i t i a l  cond i t io n s  f o r  aqu i f e r s  
s imu l a  t i ons . A l s o , t h e  respon s e  o f  t h e  mod e l  shou l d  be 
checked aga i n s t  h i s t o r i c a l  data . 
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I nput data requ i r ed for the cons truct ion o f  a 
groundwa ter f l ow mod e l  ( Jensen , 1 9 8 7 ) . 
4 . 1 . 3 .  I n i t i a l  cond i ti on s : 
The i n i t i a l  cond i t ions are s imp ly the va lues o f  
dependent var i ables  spe c i f ied everywhere w i th i n  the mod e l ' s  
doma i n . Because o f  the l ow ve loc i ty o f  groundwa ter f l ow , 
i n i t i a l  cond i t ions a r e  o f  great importance  in the aqu i f er 
s imu l a t ion s . I n  a conf ined aqu i f er ,  for wh ich the 
equ a t i o n s  are l inear , there is no n e e d  to impose  the 
na tura l f low system as the i n i t i a l  cond i t ions , s i nce the 
i n i t i a l  cond i t ions are s imp ly z ero drawdown everywhere . 
For nonl inear pro b l ems ( wa t er tab l e  cond i t ions ) ,  the 
head d i s t r ibut ion mus t  be spec i f i ed as  i n i t ia l  cond i t ions . 
The importance o f  us ing the correct i n i t i a l  cond i t ions wa s 
s t r e s s e d  by Ru shton and Wedderburn . ( 1 9 7 3 ) . 
4 . 1 . 4 .  T im e  s t ep and mesh spa c ing : 
Accor d i ng to the f in i te d i f f erence t e chn iques u s ed for 
s o l v i ng groundwater f l ow prob l ems , the s i z e  of t ime s t ep is 
d i ct a t ed by s t ab i l i ty r equ irements . The cho i c e s  of t ime 
s t ep i s  d e t ermined by the speed a t  w h i c h  changes occur 
w i t h i n  the aqu i f er ( Ru s hton , 1 9 8 1 ) . Thu s , for a conf ined 
aqu i f er ,  t ime incremen t s  o f  an hour or  l e s s  may be 
n e c e s sary wher eas  for uncon f ined aqu i f er s  a t ime s tep o f  1 0  
days may b e  acceptab l e . 
The c r i t e r i a  u s e d  for s e l e c t i o n  o f  m e s h  interva l s  are 
d i f f i cu l t . I n  genera l ,  i t  is  expected that the f i ner the 
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gr i d  the accurate the so lution . Some genera l ru l e s  can be 
f o l l owed for grid d e s ign ( Tresco t t , 1 9 7 6 ) : ( a )  locate nodes 
near the phys ica l locat ion o f  pump i ng we l l  or center of 
we l l  f i e l d , ( b )  locate boundar i e s  accurat e l y  ( for d i stant 
boundar i e s , the grid may be expand ed , but avo i d  large 
spac i ngs next to sma l l  one s ) , and ( c )  node s  shou l d  be 
p l a c e d  c lo s er together in areas where there is a l arge 
spa t ia l  change s in transm i s s iv i ty or hydrau l i c head . 
4 . 1 . 5 .  Boundary cond i t ions : 
One o f  the mo s t  important s tages in  the des ign o f  a 
groundwa ter mod e l  i s  the ident i f i c a t ion o f  the po s i t io n  and 
na ture of the ext erna l boundar i e s  o f  the aqu i f er . The 
d i f f erent typ e s  of boundary cond i t i o n s  represented in  a 
s imu l a t i o n  mod e l  was d e s c r ibed by Downey ( 1 9 8 6 ) as : 
4 . 1 . 5 . 1 . Non-F low Boundary : 
By s p e c i fy ing the transm i s s i v i ty equa l to z ero a t  a 
g iven nod e , no f low can occur acro s s  the boundary o f  that 
c e l l .  A typ i ca l  examp l e  of the o c currence of an 
imp e rmeab l e  boundary is a fau l t  wh i c h  i s o l a t e s  the aqu i f er 
f r om other previous s t rata . 
4 . 1 . 5 . 2 .  Constant-Head Boundary : 
Where the head in  the aqu i f er i s  known and d o e s  not 
change with t ime , the head in  the correspond ing node is 
m a i n t a ined a t  a sp e c i f i ed va lue throughout the s imu l a t ion . 
Th i s  i s  a va l i d cond i t ion is  the groundwa t e r  head r ema i n s  
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c o n s tant becaus e the aqu i fer i s  i n  hydrau l i c  continu i ty 
w i t h  the sea or a large lake . 
4 . 1 . 5 . 3 .  Spec i f i ed F lux :  
Where the groundwa ter cro s s e s  the boundary at a 
sp e c i f i e d  rate , such a boundary i s  a r echarge or a l eakage 
boundary depend ing on  the d irect ion of f low . The equa t ion 
gove r n i ng t h i s  f low is  the  Darcy ' s  law . 
4 . 1 . 6 .  C a l ibration and Ver i f i c a t ion : 
The ca l ibrat ion o f  a groundwa t e r  f l ow mod e l  i s  a 
p ro c e s s  a ims at m i n i m i z ing the d i f f erence between the 
measured and ca l cu la t e d  hydrau l i c heads  of the mod e l ed 
a qu i f e r . The ca l ibr a t i on i s  accomp l i s hed by a d j u s t ing 
i nput data , as  sour c e s  and s inks , transm i s s i v i ty ,  and 
boundary cond i t io n s , unt i l  the d i f f erence  between computed 
and f i e ld measured heads i s  w i t h i n  an ac c ep tab l e  t o l erance 
( R i z k and Dav i s , 1 9 9 1 ) . The ad j us tment approach i s  w i t h i n  
r e a son t r i a l -and - error proc edure ,  wh i c h  nec es s i tates  a 
s ound hydrogeo l og i c a l  exper i en c e  o f  the mod e l l e r  
( Jens en , 1 9 8 7 ) . 
The a im o f  ver i f i ca t ion i s  to d emonstrate that the 
mod e l  is capab l e  of s imu lat ing some h i s t or i ca l  hydrologic 
events for  wh ich f i e l d data are ava i lab l e . 
I d ea l ly ,  mod e l  ca l ibra t i on and ver i f i ca t ion shou l d  be 
done when the f i e l d  inve s t igat ion is und erway , so that 
f i e l d  data requ i r e d  by the mod e l  can b e  read i ly col lected 
( Wang and And erson , 1 9 8 2 ) 
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4 . 1 . 7 .  s ens i t iv i ty Ana lys i s :  
Many input con f i gura t ion can result  i n  the same 
mode l ' s  output ( G i l l ham and Farvo l d e n , 1 9 7 4 ) . So , a good 
ma tch between computed and measured hydrau l i c  heads is no 
warranty of a r e l i a b l e  pre d i c t i o n  mod e l  ( Jensen , 1 9 8 7 ) . 
For  this  rea s o n , s e n s i t ivity ana lys i s  i s  made to s how what 
parameter s  the computed hydrau l i c are mo st  sens i t ive to . 
I t  is  a l s o  u s e f u l  in  setting up pr i or i t i e s o f  add i t iona l 
d a ta needed i f  a b e tter pred i c t i o n  mode l  i s  to be improved . 
The sens i t i v i ty analys i s  is  p e r f ormed by un i form ly chang ing 
va lues o f  input d a ta , one at a t ime , and determ i n ing the 
change in wa ter l ev e l  and groundwa ter d i s charge ca l cu l ated . 
4 . 1 . 8 .  Pred i ct ion : 
A ca l ibra t e d  and ver i f i ed mod e l  i s  a u s e f u l  too l for 
pred i c t ion . The ma in purp o s e  o f  pred ict ion i s  the 
e s t ima t ion of aqu i f er p er forman c e  under d i f f erent pump ing 
s chemes ( Mercer and Fau s t ,  1 9 8 0 ) . Wh i l e  i t  i s  un l ik e ly to 
carry out exp er iments and tests  on  a n  aqu i f er to d e t ermine 
its  response under d i f f erent pump ing s c enar i o s , i t  is  
a lways much eas i e r  to run an aqu i f er s imu lat ion mod e l  many 
t imes at l ow exp e n s e s  over a short p er iod o f  t ime . 
4 . 1 . 9 .  App l ic a t i o n s  o f  groundwater mod e l s : 
Groundwa ter mo d e l s  are powe r f u l  management too l s . By 
u t i l i z i ng the pred i c t ive capab i l i t i e s  of a ca l ibrated and 
ver i f ied mode l ,  d i f f e r ent aqu i f er ' s  d eve l opment p lans  can 
b e  eva lua t ed . 
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Accord ing to Mercer and Fau s t  ( 1 9 8 0 ) , groundwa ter 
mod e l s  a l l ow e s t ima t e s  o f : ( 1 )  re charge both na tura l or 
i nduced due to l eakage from con f i n ing bed s , ( 2 ) e f f ect  o f  
bounda r i e s  and boundary cond i t ions , ( 3 )  e f f e ct o f  we l l  
l ocat ions and spa c ing , and ( 4 )  e f f ec t  o f  var ious withdrawa l 
o r  i n j ect ion r a t e s . 
Groundwa ter mod e l s  a s s i s t  in  pred i c t ion o f  the e f f e c t  
that groundwa ter w i thdrawa l s  wi l l  have on  the hydrau l i c 
heads in  the mod e l ed aqu i f er s  and p o s s i b l e  changes o f  
hydrau l i c grad i en t s . 
Groundwa ter mod e l s  can a l so  h e l p  i n  a s s e s sment o f  the 
( 1 )  S a f e  y i e l d , 
( 2 ) Movement o f  s a l t  water- f r e s h  wa ter i n t e r f ac e ,  
( 3 )  E f f e c t  o f  long-t erm change s  i n  c l ima to l ogical  
cond i t i o n s  on  the hydrau l i c heads , 
( 4 )  E f f e c t s  o f  man - i nduced changes  a s  urban i z a t i o n , 
art i f i c i a l  r echarge and wa s t e  d i sp o s a l ,  
( 5 )  Regional  d i s tr ibut ion o f  hydrau l i c  parameters , and 
( 6 )  Add i t i ona l data requ irements ( Je n s en , 1 9 8 7 ) . 
4 . 1 . 1 0 .  L im i ta t i o n s  o f  groundwat e r  mod el s : 
A l l  nume r i c a l  mod e l s  are ba s ed o n  a s e t  o f  s imp l i f y i ng 
as sump t ions , wh i c h  l im i t  their u s e  f o r  c e r ta in prob l ems . 
To avo id app l y i ng an  i nva l i d mod e l  to an  inappropr i a t e  
f i e l d  s i tuat i o n , i t  i s  important to unders tand the f i e l d 
behav i our and a l l  o f  the as sumpt ions that form the bas i s  o f  
the mod e l . Two - d imen s ional mod e l  mu s t  be u s ed for two -
d imen s iona l f i e ld prob l ems . The app l i cat ion o f  two -
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d imens i ona l mod e l s  for three -d imens i ona l f i e ld prob l ems 
l eads  to a conceptua l error ( Mercer and Faus t ,  1 9 8 0 ) , and 
the obta ined r e s u l t s wi l l  not r epr e s ent f i e l d  cond i t ions .  
The nume r i c a l  so lution o f  d i f f erent i a l  equa t ions wh ich 
d e s cribe the f low of groundwater d i f f er s  somewha t f rom the 
exact s o lut i o n s  of these equa t i o n s . Th i s  d i f f erence  i s  
ca l l ed trunca t i o n  error . 
The compu t e r  ca lcu la t ions a r e  o f  a f i n i te accuracy 
wh ich r e s u l t s  in a round - o f f - error , becau s e  the exact 
so lution of the a lgebra i c  equa t ion i s  no t obt a i n ed . 
Compared to other  s ources o f  error i s  gener a l ly neg l i g ib l e  
( Mercer and Faus t ,  1 9 8 0 ) . 
The hydrau l i c heads , transm i s s i  v i  t i es , and s torage 
co e f f i c i en t s  w i th i n  the aqu i f er are s e l dom known accura t e ly 
or comp l e t e ly wh ich produce data error . 
4 . 2 .  F i n i t e  d i f f e r ence d e ri va t i o n : 
The ba s i c  i d e a  o f  the f i n i te d i f f erence me thod i s  that 
the doma i n  is d iv i d ed with a rec tangu l a r  mesh of s t ra i ght 
para l l e l  l i n e s  which cover the f i e ld i n  the "x"  and "y" 
d i r e c t i o n s . I t  s hou ld be cons i d er e d  that the head " h "  i s  
n o  longer a cont i nuous function o f  the var i a b l e s  " x "  and 
"y" , vary i ng cont i nuou s l y  throughout a cert a i n  r e g i on . A 
r e s t r i c t ion i s , now , made to the va l u e s  o f  "h" in  the nodal  
po ints of  tha t mesh ; and der iva t ives 
d i f f erences taken between nod a l  
approx ima t ion . 
a r e  rep laced by the 
po ints w i th some 
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4 . 2 . 1 . Finite d i f ference grids : 
Genera l ly ,  there a r e  two typ e s  o f  gr i d s  used in the 
f in i te d i f f erence prob l ems ( F ig . IV . l ) : 
1 - B lock centred gr id , and 
2 - M e s h  centred ( la t t i c e  ) g r i d . 
Cho i c e  o f  gr i d  typ e ,  somet imes depends on the boundary 
cond i t ions o f  the prob l em .  The b lo c k  centred grid  i s  
p r e ferred i n  u s e  w i th the Neumann type boundary cond i t ion 
wh i l e  the mesh centred gr id is pre f erred  w i th D i r i c h l e t  
t y p e  boundary cond i t ion . ( Jacob Bear and Arnold Verru i j t ,  
Mod e l l i ng o f  Groundwat e r  Flow and Po l lu t ion Book) . From a 
p ra c t i c a l  p o i n t  o f  v i ew ,  the d i f f erences  b e tween the s e  two 
typ e s  o f  g r i d s  a r e  m i nor ; and any o f  them can be used i n  
a n y  prob l em .  However , t h e  mesh centred gr i d  i s  u s e d  her e . 
Regard ing the gr i d  spac ing , the f i n i t e  d i f f erence gr i d  
c o u l d  b e  c l a s s i f i ed a s  o n e  o f  three gr i d  types  ( s e e  F i g . 
IV . 2 ) . When the spa c i ng between g r i d  l in e s  i s  vary i ng i n  
b o t h  d i rect ions "x"  and "y" , t h e n  the g r i d  r epresents the 
gener a l  ca s e  and it is c a l led irr egu l a r  ( non-un i f orm ) gr i d . 
I f  the spa c ing i n  each d irect ion becomes cons tant , then the 
gr i d  is c a l l e d  un i f o rm g r i d . For the s p e c i a l  case when the 
spac i ng i n  both d ir e c t ions i s  the s ame , the grid i s  ca l l ed 
square gr i d . 
Usua l ly ,  the square gr i d  i s  used f o r  s imp l e  prob l ems , 
wh i l e  the nonun i form gr i d  i s  used f o r  comp l ex prob l ems and 
when better contr o l  is n e eded . 
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4 . 2 . 2 .  Der iva t ion o f  the f in i t e  d i f ference approx imat ions : 
The par t i a l  d i f f erent i a l  equat ions govern ing the 
groundwa ter f l ow are pres ented i n  chap ter 3 .  Here , the 
nume r i c a l  forms of the s e  equa t ions w i l l  be g iven . Cons ider 
a non-un i f orm f i n i t e  d i f f erence mesh as  s hown in ( F ig . 
IV . 3 ) . i n  such mesh , and i n  s teady stat e ,  the p i e zome tric 
head i s  the  func t ion " h  ( x ,  y ) " .  As the doma in o f  the 
independent var iab l e s , "x" and "y" , is d i s cr e t i z ed us ing 
g r i d  nod e s , the head func t ion can be wr itten a s : 
( 4 . 1 ) 
r e f err ing to Tay lor ' s  s e r i e s  expans ions , the approxima t ions 
of " h  ( xj_rl . Yi ) "  and " ( xj_ t , Yi ) "  take the forms o f : 
+ • •  
( 4 . 2 a )  
+ • •  
( 4 . 2 b )  
where , 
( 4 . 2 c )  
( 4 . 2 d )  
Rearranging t h e s e  two equa t ions , the f ir s t  der iva t ive 
approx ima t i ons are obt a i ned in the forward and backward 
f orms o f : 
t.b = hi , j +l -hi , j  
t.x I1xf ( 4 . 3 a )  
{)h = hi , j -hi , j -l 
{)X I1xf 
+ • • • •  
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( 4 . 3 b )  
Approx ima t i ng these equations by truncat ing terms o f  
higher der i va t i ve s , equat ions ( 4 . 3 ) could be r ewr i tten i n  
t h e  f orms o f : 
( 4 . 4 a )  
( 4 .  4 b )  
wher e ,  
I O ( .:1x ) " ind icates  the order o f  the trunca t i on e rror . 
A centra l d i f f er ence approx imat ion i s  obta ined by 
add ing equa t ions ( 4 . 3 ) and d i v i d i ng by 2 :  
� h  1 h -h u _ { l , j +l i , j  
{) x  2 I1xt 
or 
{ ( l1xt) :l + ( l1xb) ;! )  
3 1  
- • I • • • • • •  ) 
_ -.! { hi , j H -h1 , j  + hi , j  -hi , j -l 
2 I1xt I1xb 
( 4 .  S a )  
( 4  • S b )  
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Th i s  approx ima t ion i s  cons idered more accurate than 
equat ion s ( 4 . 4 )  when suf f i c i en t l y  sma l l  and c l o s e  va lues o f  
H i gher o r d e r  der iva t ive approx imat ion may der ived in 
an ana l ogous fashion . A s e cond accurate centra l 
approx ima t i o n  o f  " 62h / 6 x2" can be obta ined by subtract ion 
of equa t i ons ( 4 . 3 )  and r ea rrangement of the r e su l t ,  that 
i s ; 
or  
= 2 ( h1 , j +l -h1 , j  
ilx[ + ilXb flx[ 
l) 3b « fl x[) :l - ( fl xb) 2 )  
{)x3 3 1  
1 
flx 
{)4b « fl x[) 3 + ( fl xb )  2 }  
{)x' 4 1  
wher e , 
"Llxr" and "ax,," are a s  i n  equa t ion ( 4 . 2 ) . 
( 4 .  6 a )  
( 4 .  6 b )  
( 4 . 6 c )  
A s  the trunca t ion error has a component i n  the f ir s t  
degree , a t t ent ion shou l d  be p a i d  in s e l e c t ion o f  the 
var i a b l e  s p a c i ng . Exp e r i ence has shown that r e s t r i c t ing 
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the r a t i o".6xJ .6xi+ 1 ::s 1 . 5 " ,  w i l l  avo i d  large truncat ion 
errors and p o s s i b l e  convergence prob l ems ( Tr e s cott , P inder , 
and Lar s o n ; 1 9 7 6 ) . 
Equa t ion ( 4 . 6b )  repr e s en t s  the genera l centra l 
approx ima t e  form o f  the s econd der ivat ive o f  the head 
func t i on i n  non-un i form grid . 
Reduc i ng the truncat ion error to min imum can be 
a c h i eved by s e l ect ing ".6xf  = .6xb = .6x" wh i c h  leads to change 
equa t i o n  ( 4 . 6 b )  into the f o l l ow i ng : 
I 2h h -2 h · + h _u_ = i , j "'l i , j  i , j-l _ 0 « A x) 2 )  
�X2 ( Ax4 )  ( 4 • 7 ) 
Equa t ion ( 4 . 7 ) i s  va l i d f o r  un i f orm grids  ( i nc lud i ng 
square gr id ) . T h i s  i l lustrates  the advan tage o f  the 
u n i f orm gr i d s  over the i rr egu l ar gr i d s . 
manner , genera l approx ima t ion of 
d e r iva t ive 1 1 6 2h j 6 y2 1 1  takes the f orm o f : 
�2h = � ( hi ... 1 , j  -hi , i  
�y2 Ay AYf 
the 
I n  a s imi l a r  
s econd order 
( 4 . 8 a )  
( 4 .  8 b )  
( 4 . 8 c )  
( 4 . 8d )  
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and for the uni form gr ids : 
( 4 .  9 ) 
4 . 3 .  Forms o f  the f low govern ing equat i ons us ing f inite 
d i f f erence approximat ion : 
4 . 3 . 1 . Equa tions for conf ined med ia : 
The governing equat ion o f  the s t ea dy groundwa ter f low 
in homogeneous i s o trop i c  conf ined med i a  i s  as f o l lows : 
-R ( x, y) 
T ( 3 . 1 1 )  
s in c e  t h i s  study i s  concern ing the d ewa t e r ing prob l ems , i t  
i s  approp r i a te to sUb s t i tute "R" by "Q" us ing the r e l a t ion : 
( 4 . 1 0 )  
where , 
"Qi./ ' i s  the pump ing rate ( we l l  d i s charge o f  we l l  a t  
po i n t  " ( i , j ) "  having t h e  u n i t s  ( L3T- ' ) .  
"ilx" and "Ay" are as  d e s c r ibed in  equa t i ons ( 4 . 6 c )  & 
( 4 . 8 b )  . 
Now ,  sub s t i tut ing equa t ions  ( 4 . 6b ) , ( 4 . 8 a )  and ( 4 . 1 0 )  
in equat i on ( 3 . 1 1 )  g i ve s : 
( flx) ( fly) 
Arrang ing 
so lut ion can 




where ,  
1 ( hl , J +l. -h1 , J 
flx flx£ 
to f ind "h . .  1 1  I,.) in the general f orm , 
be r ewr i t ten as : 
( - Ol , J h1 , J +l. h1 , j -l. + + 
2 T  flx fly 2 dx dXf 2 flx Ilxb 
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( 4 . 1 1 )  
the genera l 
( 4 . 1 2 a )  
( 4 . 1 2 b )  
Th i s  equa t ion i s  further s imp l i f i ed i n  s ome spec i a l  
c a s e s  a s : 
Case  o f  un i f orm f i n i t e  d i f f erence gr i d : 
I n  t h i s  c a s e  
Il x  = Il x  = d x  f b 
subs t i tut ing i n  equa t i on ( 4 . 1 2 )  give s : 
( 4 . 1 3 a )  
( 4 . 1 3 b )  
-Oi , j  bi , j  = ( 2 T  ( L1x) ( L1y) 
/ ( 1 + 
( L1x) � 
1 ) 
( L1y) � 
+ bi , j+l +bi , j-l + hi + 1 , j  +bi -1 , j  
2 ( L1x) � 2 ( L1y) J 
Ca s e  o f  square f i n i t e d i f f erence gr i d : 
In  t h i s  c a s e  
D 
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( 4 . 1 4 ) 
( 4 . 1 5 )  
sub s t i tut ing in equa t i on ( 4 . 1 2 )  or  equat ion ( 4 . 1 4 )  gives : 
- 0  b + b  + b  + b  b = = i , j  + 1 + 1 , j  1 -1 , j  i , j +l i , j -l i , j  4 T 4 
4 . 3 . 2  Equat ions for f r e e  sur f a c e  forma t ion : 
( 4 . 1 6 )  
For the s t eady groundwater f low i n  a homogeneous 
i s otrop i c  f r e e  sur f a c e  f o rma t ion , the gove r n ing equa t ion 
i s : 
wher e ,  
-2 R ( x, y) 
k ( 3 . 1 6 )  
S im i l a r  to the conf ined aqu i f e r  cas e ,  the genera l 




"u . .  " I.J i s : 
k L1x L1y 
+ 
+ + 
( 4 . 1 7 a )  
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wh ere , 
1 1 FACTOR + 
( 4 . 1 7 b )  
Aga i n ,  s imp l i fy i ng as  before f o r  t h e  spec i a l  cases : 
C a s e  o f  un i form f i n i t e  d i f ference gr id : 
I n  t h i s  c a s e  
( 4 . 18a ) 
( 4 . 18b)  
sub s t i tu t i ng in  equat ion ( 4 . 1 7 ) , i t  takes the f o rm o f : 
{ 
k ( A x) ( Ay) 
+ Ul , j +l + Ul , j -l + Ul +1 , j + Ul _1 , j  ) 
2 ( Ax) 2 2 ( Ay) 2 
1 1 / ( + 
( A x) 2 ( Ay) 2 
C a s e  o f  sgu a r e  f i n i t e  d i f f erence gr id : 
When , 
A x  = Ay = D 
the s imp l e s t  f o rm o f  equa t i o n  ( 4 . 1 7 )  become s : 
- Ol , j  
2 k 
+ Ul +1 , j  + Ul-1 , j  + Ul , j +l + Ul , j -l 4 
4 . 3 . 3  Trans i ent state s imulat ion : 
I n  the trans i ent  f low s t a t e , the head " h· ."  1 • .1 
( 4 . 1 9 )  
( 4 . 2 0 )  
( 4 . 2 1 )  
is  a 
funct ion o f  t ime . And a f i n i t e  d i f f erence approx ima t ion is  
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needed f o r  the t ime d e r i va t ion " eS h / eS t" a t  each nodal point . 
Now the t ime doma i n  shou ld be d ivided into s teps or l eve l s  
a s  the space doma in i s  d ivided into nod a l  po ints . So the 
head " h  . . 1 1  I..) w i l l  be d enoted by "h  . . / n" I.J ( som e t imes it i s  
wr i t t e n  a s  "h· . " )  1.J.n where "n"  
d e r i va t ive i s  repre s en t ed by 
o h  
= 
o t  
o r  
b .0 + 1  h .0 l , JI - l , JI 
ll t  
h .0 h .0 -1 ob l , JI - l , JI 
o t = _.:...=...J..-ll-t--'--'-'''-L--
Equa t i on ( 4 . 2 2 )  repr e s ents 
is  the  t ime index . The t ime 
( 4 . 2 2 )  
( 4 . 2 3 )  
the f orward d i f f erence 
approx ima t i o n  wh i l e  equa t i on ( 4 . 2 3 )  repre s en t s  the backward 
d i f f er e n c e  approxima t i o n . Both o f  the s e  approx imat ion has 
trun c a t i o n  error of order  "O ( .1t ) " .  
oh 
o t  
The u s e  o f  the central  approx ima t i o n  i . e . , :  
h .0 + 1  - h .0 -1 1 , JI l , ll 
ll t  ( 4 . 2 4 )  
shou l d  be avo ided becau s e  i t  i s  uncond i t i ona l ly un s tab l e  
( Rems on Eta l . 1 9 7 1 ) . 
4 . 3 . 3 . 1  The exp l i c i t  f i n i t e  d i f f erence formulae : 
The govern ing equa t ions for trans i ent  f low in  conf ined 
and uncon f i ned med i a  are , 
equa t i on s : 
S oh 
T o t  
R (x, y, t)  
T 
a s  presented befor e ,  the 
( 3 . 1 7 )  
and 
o2h2 + o 2h2 = 2 s oh 
or oy2 k TI 
2 R ( x, y, t)  
k 
Us i n g  the f o rward in 
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( 3 . 1 8 ) 
time f i n i t e  d i f f erence 
approxima t i on f rom equa t ion ( 4 . 2 2 )  with space centra l 
approx ima t i ons f rom equat ions ( 4 . 7 )  and ( 4 . 9 ) in these 
govern i ng equa t i ons , the exp l i c i t  f i n i t e  d i f f erence 
approx ima t ions for  conf ined and free  sur f a c e  format ions 
take the f o l l owing forms r e spective l y : 
h1. , j "1  -2 h1. , j  +h1. , j-1 In + h1. , +1 , j  -2 h1. , j  +h1. -1 , j  In 




h I ll +1 -h III 1. , }  1. , j  
A t  
U1. , j +1 -2 u1. , j  + U1. , j -1 III + U1. +1 , j  -2 u1. , j + U1. -1 , j  I II 




wher e , 
� lll+1 _ � Ill y w,1. , j  V "'1. , j  
A t  
( 4 . 2 5 )  
( 4 . 2 6 )  
The s e  equa t i o n s  are ca l l ed exp l i c i t  approx ima t i ons 
becau s e  " h- - /  0 + 1 " i s  eva luated in  terms o f  known , o l d , va lues I.J 
o f  heads a t  nod es  surround i ng the nod e " ( i , j ) " . 
T h e s e  approx ima t ions have lo ca l trunca t i on error 
"O ( Llt+ ( Llx ) 2+ ( Lly ) 2 ) , , ;  and they are stab l e  i f , and only i f , 
c A t ( __ 1_ 
( A x) 2 
1 + ---
( .l1y) 2 
1 :<;;; -
2 ( 4 . 2 7 )  
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wher e ,  
c = T I 5 ( i n the conf ined cas e )  ( 4 . 2 8 a )  
and  
c = k I 2 5  ( i n the uncon f ined ca s e )  ( 4 . 2 8 b )  
Exp l i c i t  methods a r e  not genera l ly u s ed i n  s imu lat ion 
because of  such s evere r e s t r i c t ions o n  the  t ime s t ep s i z e  
f o r  s t ab i l i ty .  
4 . 3 . 3 . 2  The imp l i c i t  f in i te d i f f erence formulae : 
On contra st  to the exp l i c i t  method , the backward in  
t ime f i n i t e  d i f f erence approx ima t i o n  ( equa t ion 4 . 2 3 )  is  
u s e d  i n  d e r iva t i on o f  the  imp l i c i t  f i n i t e  d i f f erence 
f o rmu l a e . 
For the con f i n ed med i a ,  a f ter sub s t i tu t i ng in  equa t i o n  
( 3 . 1 7 ) , the imp l i c i t  f in i t e  d i f f erence approxima t ion for  i t  
b e comes  
ah In ,"l + bh In + l  + dh In+l + eh In +l i , j -l 1 +1 , j  i -l , j  l , j +l 
+ ch I n +l i , j  = ch I n + i , j  Ql , j  I n "l T I1x l1y 
wher e , 
a = e = 1 /  ( l1x) ;) 
b = d = 1 /  ( l1y) ;) 
and 
-8 2 2 c = -- -
T il t ( .1 x) ;) ( .1y) ;) 
( 4 . 2 9 )  
( 4 . 3 0a )  
( 4 . 3 0b )  
( 4 . 3 0 c )  
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Equa t i on ( 4 . 2 9 )  contains as  unknowns , t h e  head at the 
f our nodes surroun d i ng node ( i ,  j )  a t  the advanced t ime 
l ev e l  ( n+ 1 )  in add i t ion to the head a t  the node . Th i s  
equa t i on i s  ca l l ed a n  imp l i c i t  approx ima t i on becau s e  " hi.j I 0 + 1 " 
i s  not expr e s s ed exp l i c i t ly in terms o f  known quant i t i e s . 
For the f r e e  sur face c a s e , i f  sUbst i tu t i on from 
equat ion ( 4 . 2 3 )  takes p l ace  in equa t i on ( 3 . 1 8 )  it l eads  to 
a s e cond degree equa t i on wh ich conta ins  f i ve squared 
unknown heads p lus one of them ( hi) in the f i r s t  degree 
form . To avo i d  such comp l ex i ty , the f o l l ow i ng sub s t i tut ion 
shou l d  take p l ace  f i r s t : 
o h  
o t  
Th i s  l eads  to give equa t i on ( 3 . 1 8 )  the f orm o f : 
2 R ( x, y, t )  
k 
( 4 . 3 1 )  
( 4 . 3 2 )  
I n  th i s  way and s imi lar to the sUb s t i tut ions and 
arrangements made in the con f i ned ca s e , the imp l i c i t  f i n i te 
d i f f er ence approxima t i o n  for the uncon f i ned med ia takes the 
f orm o f : 
a u Ill+1  + bu I ll +! + du I ll +1 + eu I ll +1 i , j -l 1 +1 , j  1 -1 , j  1 , j +1  
I ll+1 = eu III + 
2 Q1 , j  I ll + 1  + eU1 , j 1 , j  k !l.x  !l.y 
wher e , 
( 4 . 3 3 )  
( 4 . 3 4 a )  
a = e = 1 /  ( �x) :l 
b = d = 1 /  ( �y) :l 
and 
c = -s I n _ 2 k A t hJ. , j ( Ax) 2 
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( 4 . 3 4 b )  
( 4 . 3 4 c )  
2 
( Ay) 2 ( 4 . 3 4 d )  
I t  shou l d  b e  ment ioned that even through " c" in  
equa t i on ( 4 . 3 4 d )  conta ins the var i a b l e  " h· " c I t i s  a f a c tor "v 
not a var i ab l e  a s  " h, , I I  "v i s  a known value because i t  i s  at 
t ime l evel "n"  which i s  known a t  t h i s  step . 
The imp l i c i t  approx ima t i o n s  have loca l trunca t ion 
error "0  ( �t + ( � ) ! + (�y )  2 ) "  and they are uncond i t iona l ly 
stab l e . 
4 . 3 . 4  Boundary cond i t ions : 
The two ma i n  boundary cond i t i on s  d i scus s ed in  chapter 
3 a r e  the con s t a n t  head and the z er o  f lux boundary . For 
the constant head boundary it i s  repres ented by upd a t ing 
the head " h, , " IJ a t  any point o n  the boundary w i t h  the 
constant head value a f t er any i t e r a t ion o r  any new t ime 
s t ep , L e . , :  
h 1.0 +1 = cons tan t J. , j 
( 4 . 3 5 )  
The image method i s  used to represent the z er o  f lux 
boundary wh ich i s : 
()h ( x, y, t ) / o s = O  
( 3 . 2 2 )  
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I n  th i s  method , ima g i nary nod es  are a s s umed t o  b e  i n  the 
mod e l  doma in outs i d e  the boundary a t  d i s tance equa l s  the 
d i s tance between the boundary l i ne and i t s  n e i ghbouring 
grid l i ne . For i l lustra t i on , con s i d e r  that the l e f t  
boundary in  ( F ig . IV . 4 )  i s  n o  f lux boundary . The f ir s t  
space der ivat ive o f  t h e  head at each n o d e  o f  that boundary 
cou l d  be repr e s ented by : 
( 4 . 3 6 )  
And to c o i n c i d e  w i th equa t ion ( 3 . 2 2 ) , the f o l lowing 
cond i t ion should b e  appl ied : 
( 4 . 3 7 )  
o r  in  gener a l  f orm o f : 
( 4 . 3 8 )  
Th i s  l a s t  equa t io n  should be a c h i eved a f t e r  any suc c e s s ive 
i t eration , and it should be inc luded in  the set o f  
equa t ions o f  the imp l i c i t  formu l a e . Th i s  cond i tion can be 
p r e s ented by the equa t ions in ca s e  of z er o  f lux bounda r i e s  
a r e  para l l e l  t o  the 
" Y -ax i s " : 
a = 2 / ( .1X) 2 
( 4 . 3 9 a )  
o r  
e = 2 / ( .1 X) 2 
( 4 . 3 9 b )  
I n  case o f  z ero f lux bounda r i e s  are para l l e l  to the 
" X -ax i s " : 
b = 2 / ( .1y) :l 
o r  
4 . 4  Metho d s  o f  so lut ion : 
9 1  
( 4 . 3 9 c )  
( 4 . 3 9 d )  
so lving the d ewatering prob l em i nvo lves s o l v i ng the 
govern ing par t i a l  d i f f erent i a l  equa t io n s  of the f low whi l e ,  
a t  the s ame t ime , sa t i s fy i ng the spec i f i ed boundary and 
i n i t ia l  cond i t i o n s . 
For each node i n  the mod e l  doma i n  there i s  a n  equation 
repr e s ent i ng the cond i t ions of  the nod e . So for a doma in 
o f  " N "  nod e s , " N" equat ions o f  " N" unknown s ( the heads ) 
exi s t . 
The method o f  s o lvi ng the s e  equa t ions depends on the 
method of forming the f in i t e  d i f f erence approx ima t ion . For 
examp l e ,  the exp l i c i t  method f orms " N" equat i o n s  in  "N" 
unknowns but each equat ion conta i n s  o n l y  one unknown . 
Hence , each equat ion i s  so lved d i rectly and s epara t e ly from 
other equa t i o n s . 
On the other hand , the imp l i c i t  method f orms l i N" 
equa t ions i n  " N "  unknowns ; each equa t i o n  conta i n s  norma l ly 
f ive unknown s ( s ome t imes thr e e  or four ) , so  these equa t i ons 
form a set of equa t ions which have to be so lved together at 
each t ime l eve l .  
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4 . 4 . 1  Direct methods : 
To so lve the imp l i c i t  f i n i t e  d i f f erence equa t ions 
( 4 . 2 9 )  and ( 4 . 3 3 ) , a l l  the N equat i ons mu st  be f ormed in 
the form : 
[ A ]  [ P ]  [ B ]  ( 4 . 4 0 )  
where ,  
" [ A ] " i s  a banded ma t r i x  with f ive d i agona l sys tem having 
" N  x N "  e l ement s , 
" [ P ] "  i s  the vector o f  unknowns ( h  or u )  w i th " N "  
e l ement s , and 
" [ B ] "  is the vector of known t erms w i th " N" e l ement s . 
Equa t ion ( 4 . 4 0 )  can be wr i tten a s  : 
e 
d 




" a , b , c , d ,  and e"  take va lues a s  d e s c r ibed in equa t ions 
( 4 . 3 0 ) , ( 4 . 3 4 )  or ( 4 . 3 9 )  a c c o r d i ng to the c a s e  o f  
s imu l a t i o n  and the boundary cond i t i ons ; and 
" f "  is the R . H . S .  of equat ion ( 4 . 2 9 )  or ( 4 . 3 3 ) . 
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F o r  such ma trix there i s  n o  e f f i c i ent a lgor i thm to 
so lve t h i s  sys tem d i rect ly . But some a lgor i thms are 
des igned to reduce the work requ ired t o  obt a i ned the 
s o lu t ion of vector "p" . Examp l e s  of the s e  a l gor i thms are 
Gau s s ian e l im inat ion . Cramer ' s  ru l e  and ma t r ix decom­
pos i t io n  wh ich i s  a l so  ca l l ed "LU" factor i z a t i on ( Cr i chlow, 
1 9 7 7 )  . 
Ma t r i x  d ecompos i t ion i s  pref erred when the sys t em of  
equat i o n s  mu s t  be so lved for a f ixed ma t r ix " [ A ] " and 
d i f f erent vectors of known terms " [ B ] " .  Ma trix 
decompo s i t ion i s  used as  the equa t ion so lver . 
D i r e c t  methods can be used for sma l l  prob l ems or 
spec i a l  c l a s s e s  o f  mat r i c e s  that may r e s u l t  f rom part i cu lar 
f i n i t e  d i f f erence  method . I n  genera l ,  d i r e c t  methods are 
compu ta t iona l ly prohib i t ive for pract ica l problems . 
4 . 4 . 2 .  I tera t ive ( re l axat ion ) method s :  
Many i terat ive methods can be u s ed i n  order to so lve 
the f i n i t e  d i f f erence equa t ions . Some o f  the s e  methods are 
Jacob i method , Gaus s - S e i d e l  metho d ,  the succ e s s ive over 
re laxa t ion method , and the i terat ive a l terna t i ng d i rect ion 
imp l i c i t  method ( Duchateau and Z a chmann , 1 9 8 9 ) . 
Each method has i t s  advantages and d i s advantages and 
the s u i ta b l e  s i tu a t i on of u s e . The Gaus s - S e i d e l  method is  
s imp l e r  has many other methods and i t  i s  qu i t e  e f f i c i ent . 
Th i s  me thod d e f ends in  i t s  so lving on  us ing the o l d  values 
o f  heads o f  nod es  surround ing the node und e r  cons i d e rat ion 
tak ing into account the latest  computed va lues o f  heads . 
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I n  other words , va lues o f  head a t  nod es  t o  the top and l e f t  
o f  t h e  node und er cons iderat ion are new va lues ca l cula ted 
at the same i t erat ion l eve l . Wh i l e  va lues to the r ight and 
be low of the node are old va lues form l a s t  itera t i o n  l eve l . 
I n  th i s  way each equa t i on ha s a l l  heads as  known values , 
and the only unknown i n  the equa t i o n  i s  the head " h, , I I . '" 
When the new va lue o f  " h, , I I is computed the d i f f erence 1,1 I 
between that va lue and the o l d  va lue i s  computed . For each 
node i n  the doma i n  such d i f f erence i s  computed . When the 
grea t e s t  d i f f erence in  the who l e  system becomes sma l l er 
than a g iven input va lue of t o l e rance , the i t era t i on 
proc e s s  i s  t erm ina t e d , and the l a t e s t  computed va lues are 
cons i d ered the so lut ion o f  the prob l em . 
Equa t ion ( 4 . 1 2 )  and ( 4 . 1 7 )  for  conf i ned and uncon f i ned 
med i a  are so lved by Gaus s - S e i d e l  i t erat ion method taking 
the f orms o f : 
1 h lID +1 i , j FACTOR 
+ 
hi , j -1 I 1 ID + + .2 llx llxb ( 4 . 4 2 a )  
and 
1 U Im +l = ----j , j FACTOR 
+ Uj , j -l 1m +1 + Uj +1 , j  1m + Uj_1 , j  1m +1  
2 flx flXb 2 fly flYf 2 fly flYb 
where , 
" m" i s  the i terat ion index ; and 
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( 4 . 4 2 b )  
"FACTOR" i s  a s  d e s c r ibed i n  equa t ions  ( 4 . 1 2 b )  or 
( 4 . 1 7 b )  • 
CHAPTER 5 
MODEL DESCRIPTION AND VERIFICATI ON 
5 . 1 . Mod e l s  d eveloped in this s tudy : 
Two mod e l s  were d eve loped to  s imu late the water l eve l s  
u s ing pump i ng we l l s  accord ingly to a spec i f i c s i tuation . 
U n s t eady groundwa ter f l ow was mod e l ed for two c a s e s  o f  we l l  
no . 7 and we l l  no . 1 4  wh i ch e x i s t  i n  A l -A i n  area a s  shown 
i n  F i g . V . l of the s i te p lan . 
The mod e l s  were wr i tt e n  in  QBAS I C  l anguage and 
prepared f o r  a spec i f i c  problem . The program , its  
var iab l e s  used , the program i nput s for  we l l s  no . 7 and 1 4  
and the outputs for the groundwat er f low for  we l l s  no . 7  and 
1 4  a r e  pres ented in App endix V . l .  
The boundary cond i t ions a s sume constant head i n  a l l  
t h e  f our s id e s . The va lue o f  t h e  cons tant head i n  each s ide 
is a s sumed r e l a t ive to  each other and r e l a t ive to the 
aqu i f er thi ckne s s . To e s t ima t e  the aqu i f e r  t h i c kn e s s , the 
r e l at i on between d i s charge and d rawdown has b e e n  p l otted 
and the th i ckne s s  of the aqu i f er i s  a s s umed c l o s e  to zero 
d i s charge a s  shown i n  F i g . V . 2 .  
5 . 2 .  Ver i f i ca t ion o f  mod el s :  
To ensure that the program r e s u l t s  a r e  correct  and 
a c cura t e ,  the mod e l s  had been ver i f ied by b e i ng app l i ed on 
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known f i e ld data f o r  we l l  no . 7  and we l l  no . 1 4  a s  shown in 
Tab l e  V . 1 and Tab l e  V.  2 o f  Append ix V .  2 , r e s pect ively . 
Other f i e ld data f o r  p i e z ometr i c  we l l s around we l l  no . 7 
and we l l  no . 1 4  a r e  ind icated i n  Tab l e  V . 3 to Tab l e  V . 6 .  
The exact loca t ions  o f  a l l  we l l s  a r e  shown i n  F ig .  V .  3 .  
Through the f o l l ow i ng probl ems , the mod e l  has  been te sted 
aga i n s t  a wide range of  var ia b l e s  l ik e  mesh spac ing , mod e l  
par ame t er s , t ime s tep s i z e ,  . . . . .  etc . 
A computer program package ca l l ed S UFFER were u s ed to 
d raw the contour in two and thre e  d imen s ions  of the 
groundwater leve l s . The r e s u l t s  of the QBAS I C  were u s ed as 
i nput for the above program for we l l  no . 7  and we l l  no . 1 4 as  
s hown i n  Fig . V . 4 to F i g . V . 7 .  
The output o f  QBAS I C  program a r e  a s  f o l lows : 
5 . 2 . 1 . Probl em o f  pump ing we l l  no . 7 :  
The average pump i n g  rate o f  We l l  no . 7  i s  2 1 . 0 0 m3/ hr .  
The numbe r  o f  m e s h  l in e s  i n  each o f  x - d i r e c t i o n  and y­
d irect ion are 17  with i n t erva l d imen s i o n  of 1 0 0 0  m .  The 
coe f f ic i ent of conduct ivity i s  0 . 0 0 5  m/ hr . The f our 
cons tant head bounda r i es have been concluded f r om the 
p i e z ometer we l l s  in the  area . 
a s  0 . 0 0 0 0 0 0 3 . 
The s to ra t iv i ty i s  a s sumed 
5 . 2 . 2 . Prob l em o f  pump ing we l l  no . 1 4 :  
The pump ing r a t e  o f  We l l  no . 1 4 i s  2 2 . 2  m
3 / hr . The 
number of mesh l in e s  in each of x - d i r e c t ion and y - d i r e c t ion 
a r e  1 7  w i th an  i n terva l d imens ion o f  1 0 0 0  m .  The 
coe f f i c i e n t  o f  conduct ivity i s  0 . 0 0 5  m / hr . 
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constant head boundar i e s  of the area have been conc luded 
f rom the p i e z ometer we l l s in  the area and the s torativity 
i s  as sum e d  a s  0 . 0 0 0 0 0 0 3 . 
5 . 3 .  s en s i tivity analys i s  o f  the mod e l s : 
s e n s i t i v i ty analys i s  was made f o r  the mode l s  in  order 
to i l lustrate the impact of d i f f er e n t  var i a b l e s  on the 
mod e l  r e s u l t s . The sens i t i v i ty ana lys i s  was done by 
a l l owing the i nput parame ters  to range through s evera l 
orders o f  magn i tude i n  succ e s s i ve s imu l a t i o n s  t o  d e t erm ine 
the spe c i f i c  e f f ect  o f  chang i ng a g iven var ia b l e  or set  of  
var i ab l e s . 
5 . 3 . 1 . G r i d  intens i ty :  
G r i d  i n tens i ty indicates  the number o f  nod e s  where the 
p i e z ome t r i c  heads are to be comput e d . s imu l a t i o n  o f  the 
prob l em with d i f f erent gr id node numbe r s  was carr i ed out to  
i l lustrate the s e n s i t iv i ty o f  the mod e l  to the gr id 
inten s i ty . One g r i d  was used i n  two d i f f erent s imu lat ion 
run s . The f i r s t  one was a squar e  gr i d  o n ly 9 x 9  nodes wh ich 
are the corners of the boundar i e s  ( spac ings = 2 0 0 0  m ) . The 
s e cond gr i d  wa s the square grid u s ed previous ly i n  the s im­
u l at ion of the prob l em ( 1 7 x 1 7  nod e s , spac ings = 1 0 0 0  m ) . 
I t  wa s f ound that h i gher grid  i n t en s i ty r e s u l t s  i n  
more accurate output which i n d i c a t e s  cons i s t e n cy o f  the 
mod e l . On the other hand , us i ng very h i gh inten s i ty 
consumes too much computa t ional  e f f o r t  and t ime wi thout 
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r e s u l t ing i n  proport iona l improvement o f  ac curacy l eve l . 
Th i s  may r e f er to the round ing error wh ich takes p lace  
widely in  t h i s  c a s e  due to the increased rep e t i t ion o f  the 
computa t i ons . 
5 . 3 . 2 .  Grid arrangement : 
G r i d  a rrangement means the gr i d  typ e : squa r e , un i fo rm 
or i rregular . I t  mean s , a l s o ,  the method f o l lowed in  
form i ng any irregu l ar grid . 
To  i l lustrate the e f f e ct o f  gr i d  arrangeme nt , the same 
prob l em wa s r e - s imu l a ted w i t h  the o r i g ina l gr i d  intens i ty . 
I n  t h i s  arrangement spa c i ng between g r i d  l i n e s  wa s cho s e n  
un i f o rm a n d  sma l l  around the pump ing area , wh ich i s  
exp e c t e d  to have l a r g e  hydrau l i c  grad i ent , and  away f r om 
that a r e a  the spa c i ng increases  and becomes i rregu l a r . 
S e l e ct ion o f  spa c i ng in  t h i s  way d e c r e a s e s  the trunca t i on 
error , a round p o i n t s  o f  l arge impact on the sys tem . 
Arran g i ng the gr id in  the mentioned way tends to improve 
accuracy . 
Th i s  r e su l t  l ed to t h i nk o f  another t r i a l  o f  an  
i rr egu lar g r i d  with reduced i ntens i ty to reduce the  e f fort 
and t ime con sumed in h i gher gr id i n t e n s i t i es . 
From s e n s i t i v i ty o f  gr id inten s i ty and arrangement , i t  
cou ld be conc luded that t h e  u s e  o f  intens ive grid with 
sma l l ,  un i f o rm spac ing decreased trun c a t i o n  error . The best 
gr i d  f or u s e  could be an irregu lar grid  w i t h  reasonably 
cho s e n  sma l l  and un i f o rm spac ing ,  only in  the r egions that 
have l arge impact on the s y s t em .  Genera l ly ,  s en s e  and 
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exper i ence s hou ld p l ay a ro l e  i n  a rranging the proposed 
grid for s imu l a t ion of any prob l em .  
5 . 3 . 3 .  Hydraul i c  conduct ivity : 
Hydrau l i c  conduct ivity i s  an  importan t var iab l e  that 
wou l d  a f f ec t  the mode l  resu l t s . Usua l ly ,  hydrau l i c  
conducti  v i  ty i s  n o t  we l l  determ i n ed in  t h e  rea l pump ing 
problem as it never takes a cons tant va lue through the 
who l e  pump ing region ; and an approx ima t e  va lue is usua l ly 
s e l e cted to repr e s e nt the who l e  doma i n . 
S en s i t iv i ty ana lys i s  was carr i e d  out through the 
ment ioned prob l em w i t h  d i f f erent va lues of the hydrau l i c  
condu c t i v i ty wh i ch s tarted with K = 0 . 0 0 4 6  m j hr f or we l l  
no . 7 ,  & 0 . 2 3 3 3  m j hr for  we l l  no . 1 4 .  I t  was f ound that in  
c a s e  o f  hydrau l i c conduct ivity = 0 . 0 0 4 6 m j hr the output 
l eve l s  were l e s s  than l eve l ( 0 . 0 0 )  wh i c h  is not l o g i ca l . 
Th i s  i n d i c a t e s  that the aqu i f er can not y i e ld the a s s umed 
d i s charge ( 2 1 . 0 0  m3j hr )  with t h i s  value of hydrau l i c  
conduct i v i ty . A l s o , i n  the f i e ld ,  the pumped d i s charge 
wou l d  be reduced o r  pump s wou ld not f ind  wa t e r  to l i f t  and 
wou l d  face prob l ems . other runs were done t o  d e t ermi n e  the 
va lue of the hydrau l i c conduc t i v i ty wh ich is l og i c a l  with 
the a s s umed cond i t i ons o f  the problem . I t  was f ound that 
va lues of hydrau l i c conduct i v i ty as K = 0 . 0 0 5  m j hr cau s e  
that phenomenon i n  t h i s  part icular s i tuat ion . 
I t  has  been conc luded that the drawndown i n c r e a s e s  
w i t h  t h e  d e c r e a s e  o f  t h e  hydrau l i c conduct ivity . R e f e r r i ng 
to Darcy ' s  l aw ( equat ion 3 . 1 ) t h i s  conc lus ion i s  qu i t e  
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c l ear , a s  for  constant d i scharge the hydrau l i c grad i ent 
increa s e s  w i t h  the decrease of the hydrau l i c conduct ivity . 
5 . 3 . 4 .  storage coef f ic i ent : 
The e f f e ct of  the s torage coe f f i c i ent or the spe c i f i c 
y i e l d  i s  l im i t e d  to the unsteady f low s t a t e  wh ich has been 
used i n  the mode l . I t  has no  i n f luence on the s t eady 
pump ing s t a t e . This  co e f f i c i ent change s the t ime n e eded to 
reach the s t e ady state , and the wa ter l eve l s  at each t ime 
l eve l . 
S evera l t r i a l  runs were made through the same prob l em 
w i t h  d i f f er ent va lues  o f  hydrau l i c conduct iv i ty and 
stora t iv i ty to i l lustrate i t s  i n f luence on  the l eve l s  and 
dura t ion of tran s i ent f low s t a t e  unt i l  the QBAS I C  program 
output are obta ined . 
CHAPTER 6 
GROUNDWATER QUALITY AND EFFECT ON CONCRETE FOUNDATI ONS 
6 . 1 .  Groundwater qua l i ty and ana lys i s : 
Exam i n a t i o n  o f  groundwater qua l i ty wi l l  e nab l e  the 
determina t ion of its suitab i l i ty for var i ous uses and the 
pred i c t i o n  of i t s  pos s ib l e  impact on  concrete f ounda t ions 
due to the pre s ence o f  natura l or man-made p o l lutant s . 
I n  t h i s  s tudy , f our samp l e s  o f  water were co l l ected 
f rom the f i e l d  w e l l s . The f i r s t  and third samp l e s  were 
taken f r om We l l  no . 7  and We l l  no . 1 4 on  2 7 - 9 - 9 3 whereas  the 
s e cond and f ourth s amp l e s  were taken f rom the s ame we l l s  on  
1 7 - 1 1 - 9 3 ,  i . e . , w i th i n  5 0  days per i o d . S everal  chem i c a l  
ana lys e s  o f  the water samp l e s  w e r e  conducted i n  the 
Environmen t a l  
un ivers i ty .  
Engineer i ng Labora tory of the U . A . E .  
For each chem i c a l  and phys i c a l  water qua l i ty r e s u l t s  
obtained are out l i ned in  Tab l e  VI . 1 . Parame t e r s  d e termined 
in  th i s  s tudy , have a lmo s t  s im i lar va lues b e tween s amp l e s  
# 1  and # 2  f o r  we l l  no . 7  and a l so  between samp l e s  # 3  and # 4  
for we l l  n o  . 1 4 w i thin 5 0  days p e r i o d . The r e s u l t s  a r e  
d i s cu s s e d  
l i terature 
f o l lows : 
and compared 
( Ka s he f , 1 9 8 7 ) 
w i th 
for  
tho s e  
natura l 
reported i n  the 
groundwa t e r , a s  
1 .  The c o nduct i v i ty value , wh ich d e te rm i n e s  t h e  abi l i ty o f  
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water to conduct an e l ectr ic  current , was f ound t o  be 1 , 8 0 0  
� s / cm for we l l  no . 7  and 3 , 4 0 0  � s / cm f o r  we l l  no . 1 4 wh i ch i s  
s l ight ly h i gh due to the pres ence o f  s a l t s . However , i t  
r ema i n s  w i t h i n  t h e  range o f  1 0 0  t o  5 0 0 0  � s / cm norma l ly 
obs erved i n  natura l waters . 
2 .  The hydrogen - ion concentrat ion i n  water ( pH )  i s  
expr e s s ed a s  the negat ive logari thm t o  the base  1 0  o f  H+  
act ivity i n  mo l / I .  The  pH va lues  o f  wa t er samp l e s  f rom we l l  
no . 7  and we l l  no . 1 4 are 8 . 6  and 8 . 0 , respe c t i ve ly wh ich 
means that the water is  s l ight l y  a l ka l ine as  the va lue o f  
pH i s  more than 7 .  When the pH va l u e  i s  greater than 8 . 5 , 
a s  the ca s e  i n  we l l  no . 7 ,  i t  usua l ly i n d i c a t e s  that the 
water has come in contact w i th sod i um carbona t e . 
3 .  The concentra t ion o f  tota l a l ka l i n i ty i s  1 6 0  mg / l  f o r  
we l l  no . 7  and 1 1 0  mg/ l f o r  we l l  no . 1 4 which i s  a c c ep tab l e  
i n  natur a l  water . 
4 .  The t o t a l  hardness of  wa t e r  in  general i s  
numer i c a l l y  eva luated i n  terms o f  the concentrat i on o f  
( Ca2+ )  and ( Mg2+ )  ions . HI i s  expr e s s ed a s  CaC03 ( Ca l c ium 
Carbona t e )  f rom the equa t i on HI = 2 . 5 Ca + 4 . 1Mg . The � f o r  
t h e  water i n  we l l  no . 7  o f  samp l e s # 1  a n d  #2  i s  1 4 2  mg/ l .  
The water i s  s o f t  i f  the HI i s  l e s s  than 7 5  mg / l .  Howeve r , 
i f  the HI ranges between 7 5  to 1 5 0  mg / l  then the wa ter can 
be c l a s s i f i ed as mod erate ly hard as the c a s e  o f  water i n  
we l l  no . 7 .  The HI f o r  the water i n  we l l  no . 1 4 o f  samp l e  # 3  
and # 4  i s  6 0 4  mg/ l and 6 9 8  mg / l  r e spect ive l y , wh ich 
ind ica t es that the water i s  very hard s ince the Hr i s  more 
than 3 0 0  mg / l .  Hence , only the soft  wa t er can b e  used f rom 
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we l l  no . 7 dome s t i ca l ly .  The hard water when transported 
and / or heated i t  r e s u l t s  in the accumu l a t ion of  m inera l s . 
I n  add i t ion to the adverse e f f e c t  o f  the accumu l a t i o n  o f  
m i nera l s  o n  hea l th ,  such minera l s  a l s o  b l o ck the p a s s age o f  
water i n t o  w e l l s . 
5 .  The concentrat i o n  o f  calc ium ( Ca )  i s  1 2  mg / l  f o r  we l l  
no . 7  and 8 8  mg/ l  i n  we l l  no . 1 4 i s  acceptable s ince i t  wou l d  
b e , genera l ly ,  l e s s  t h a n  1 0 0  mg/ l i n  natura l wat e r . 
6 .  The concentra t ion o f  magnes i um ( Mg )  i s  2 7  mg/ l  f o r  we l l  
n o . 7  wh ich i s  acceptab l e  s i nce i t  wou l d  be , i n  genera l ,  
l e s s  than 5 0  mg / l i n  natural wa t e r . However the magnes ium 
concentr a t i on i s  9 2  mg / l  for we l l  no . 1 4 wh ich i s  h igh and 
not acceptab l e . 
7 .  Groundwater and surf ace wa t e r  a r e  c l a s s i f i ed a c cord i ng 
t o  th eir  concentra t ion o f  s a l i n i ty a s  f r e s h ,  brack i s h  ( or 
mod erately s a l i ne ) , s a l ine ( or very s a l i n e ) , and b r i n e  
wa t er s . T h e  tot a l  d i s so lved so l id s  ( TDS ) i s  a m e a s u r e  o f  
the s a l i n i ty o f  water . T h e  TDS va lue l e s s  than 1 , 0 0 0  i s  for  
f r e s h  wat e r , b e tween 1 0 , 0 0 0  and 1 0 0 , 0 0 0  i s  for s a l i n e  or 
very s a l i n e  water , and more than 1 0 0 0 , 0 0 0  for br i n e . The 
TDS i n  we l l s  no . 7  and we l l  no . 1 4 are 1 , 2 0 0 and 2 , 2 6 0 mg / l  
r e spect ive l y ,  wh i c h  can be con s i dered as  bra c k i s h  o r  
moderately s a l ine  water s ince the T D S  va lue ranges b e tween 
1 , 0 0 0  and 1 0 , 0 0 0 . 
8 .  The concentra t ion o f  chlor i d e  ( C I )  i s  4 5 4  mg / l  f o r  we l l  
no . 7  and 6 3 6  mg / l  f o r  we l l  no . 1 4 wh ich i s  s l ightly h i gh but 
r ema i n s  in  the a c c eptab l e  range a s , in genera l ,  it should 
b e  l e s s  than 1 0 0 0  mg / l  in  natura l  water for  arid r e g i on s . 
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9 .  The concent r a t ion o f  pota s s i um ( K )  i s  1 6  mg j l  for  we l l s 
no . 7  and no . 1 4  wh ich i s  acceptab l e  s i nce i t  shou l d  be , 
genera l ly ,  l e s s  than 1 0  mg j l  i n  na tura l water and a s  much 
as 1 0 0  mg j l  f o r  hot spr ings . 
1 0 . The concentrat i o n  o f  sodium ( Na )  i s  9 9  mg/ l  f o r  we l l  
no . 7  wh ich i s  l ow and acceptab l e  s in c e  i t  shou ld b e , in  
genera l ,  less  t han 3 0 0  mgj l  in natural water . However the 
sod i um concen t r a t i o n  i s  6 5 0  mg j l  for we l l  no . 1 4 wh i ch i s  
h igh and excee d s  t h e  norma l range f o r  natura l wa ter . 
1 1 . The concentra t ion o f  sulpha t e  ( S04 ) i s  2 6 0 mgj l f o r  we l l  
no . 7  which i s  a c c eptab l e  s ince i t  s hou l d  be , commo n l y , l e s s  
than 3 0 0  mg / l  i n  natural wa te r . However t h e  su lphate 
concentra t i o n  is 6 0 0  mg j l  for we l l  no . 1 4 wh i c h  is 
exc e s s ive ly h i gher than what is norma l ly f ound i n  natura l 
wa t er s . 
1 2 . The concentrat ion o f  n i tr a t e  ( NO) i s  1 . 5  mgj l f o r  we l l  
no . 7  and 1 0  f o r  we l l  no . 1 4 wh i c h  i s  a c c ep tab l e  s in c e  it  
should be , common l y , l e s s  than 10  mgj l i n  na tura l water . 
1 3 . The concentra t i on o f  tota l ammon i a  ( NH) i s  . 0 4 mg / l  for  
we l l s  no . 7 and 14  wh i ch i s  l ow and a c c ep table  s in c e  it  
should b e ,  mo s t l y ,  i n  the range of  2 mg/ l i n  natura l water . 
1 4 . The conc entrat ion o f  a lumi n i um ( A I ) , lead ( Pb ) , n i ckel  
( Ni ) , and  boron ( B )  i s  nil  i n  both we l l  no . 7  and we l l  
no . 1 4 .  
1 5 . The concentra t ion o f  ex . a l ka l i n i ty in  we l l  no . 1 4 and 
copper ( cu )  in  we l l  no . 7  is  n i l . However , the concent r a t i on 
o f  copper ( Cu )  i s  0 . 0 4 mg / l  for we l l  no . 1 4 wh ich i s  l ow and 
a c c eptable s in c e  i t  s hould be , commonly , l e s s  than 1 mg / l  
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i n  natura l wa ter and the concentra t i o n  o f  ex . a l ka l i n i ty i s  
1 9  mg / l  i n  we l l  no . 7  which i s  acceptab l e  i n  natura l wa ter . 
I t  has been cons i s t e n t l y  observed that we l l  no . 7  gave 
b e t t e r  qua l i ty water than we l l  no . 1 4 .  Th i s  may be due t o  
the f a c t  that wa ter w i t hdrawa l r a t e  f r om we l l  no . 1 4 i s  more 
t han the w i thdrawa l rate f rom we l l  no . 7 , i . e . , a s  exce s s ive 
wa t e r  p ump ing from the we l l  cont i nue s ,  the qua l i ty o f  
w i thdrawn water may deter i orate . 
The poten t i a l  corros ive e f f e ct o f  water w i thdrawn f rom 
we l l s  no . 7  and 1 4  i s  r e l a t ive ly h igh s ince the c h l o r i d e  and 
sulphate l eve l s  i n  these wa ters are i n  the h i gher s i d e . 
6 . 2 .  Bu i ld ing examination & l aboratory t e s t s : 
A bu i ld ing exam i n a t i o n  wa s made for a s i n g l e  s t o r ey 
bui l d ing i n  the W e s tern Reg i on o f  Abu Dhab i Em irate . Th i s  
i nc luded s i te i nve s t i ga t i on and l aboratory t e s t i ng to 
p r ov i d e  i n f orma t i o n  on the ex i s t i ng concrete cond i t i on and 
t o  sugg e s t  potent i a l  r eme d i a l  measur e s . 
The  f actua l r e s u l t s  o f  the f i e l dwork and labora tory 
t e s t ing toge ther with an a s s e s sment of the cond i t ion of the 
conc r e t e  and pos s ib l e  r eme d i a l  mea sures that may be taken 
are  d i s cu s s ed in the f o l l ow i ng s e c t i o n s . The loca t i on s  o f  
the t e s t s  are i nd i cated i n  F i g . VI . 1 .  
6 . 2 . 1 . F i e ld work : 
6 . 2 . 1 . 1 . Bu i lding examina t ion : 
Photograph 1 i s  a genera l v i ew o f  the s in g l e  s torey 
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bu i l d i ng o n  t h e  s i te . crac k i ng may b e  s e en in  the bot toms 
of the c o l um n s  on the l e f t  hand s i d e  of the bu i ld ing . Th i s  
cracking i s  s h own in more deta i l  in  Photograph 2 o f  Column 
1 wh ich i s  a t  the l e f t  hand s i d e  i n  Photograph 1 .  Cracking 
may be s een to extend up to about 1 . 5 m above ground l eve l . 
Th i s  c o l umn was  broken open to reveal rusty s t e e l  wh i ch i s  
i l lus trated i n  Photograph 3 .  The crack i ng cou ld be 
emana t i ng f rom t h i s  rus ty s t e e l . S imi lar crack i ng may be 
seen in Photograph 4 o f  c o l umn 9 at the f ront o f  the 
bu i l d i ng ,  by the step s , with t h e  crack ing extend ing up to 
about 1 . 7  m above ground l eve l .  
Hor i z o n t a l  crack ing was s e e n  at the bottom o f  the 
bui l d ing at the j unction of the b l ockwork and the concrete 
beam . Th i s  is i l lus trated i n  Photograph 5 where the 
cra cking appears to be above an e l ectric  condu i t . The s em i ­
c ircu lar crack a t  t h e  centre o f  the photograph i s  the 
location of a j unct ion box for cab l e s . On the l e f t  hand 
s id e  of the photograph at the b a s e  of c o l umn 8 ,  s evere 
cracking and s p i l l ing of the concrete may b e  s een w i th some 
ru sty s t e e l  e xp o s ed . 
The crack i ng and d e ter iorat ion i s  not r e s t r i c t ed to 
the r e i n f o r c ement . I n  Photograph 6 the concrete can be 
seen to be p hy s i ca l ly a ttacked by the s a l t s  f rom the ground 
w i th aggrega t e  dropp ing o f f  around the sma l l  b a s e s . On 
the r ight hand s i de of the p i cture , the p l a s ter may be seen 
to be sp i l l i ng o f f  from imme d i a t e ly be low . 
The phy s i c a l  attack to the concrete can a l s o  be seen 
at the base of the steps at the f ront o f  the bu i ld ing and 
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i s  i l lustrated i n  Photograph 7 where the bot tom s t ep i s  
d i s integra t i ng t o  revea l the s t e e l  w i th the aggr ega te 
dropp ing o f f  around the steps . The edges o f  the manho l e  
covers at the f ront o f  the bu i l d i ng a r e  d e teriora t ing in  a 
s im i lar manner . 
6 . 2 . 1 . 2 .  Concrete coring : 
Hor i z ontal cores were dr i l l e d  out o f  f ive o f  the 
concrete co lumns to a l low the concr e t e  to be exam i n e d  and 
t e s ted for s trength . I n  v i ew o f  the sma l l  s i z e  o f  the 
concrete c o l umn s ,  7 2  rom d i ameter cores were taken rather 
than the norma l 1 0 0  mm d i ame t er core s . T h i s  was done to 
avo i d  exc e s s ive damage to the exam i n e d  c o l umns . 
6 . 2 . 1 . 3 .  Chip sampl e s : 
samp l e s  o f  concrete were broken o f f  from the c o l umns 
part i cu lar ly where they were cracked to determ i n e  the 
extent of the c h l o r i d e  contam i n a t i o n . The samp l e s  were 
broken around the bot tom o f  the bu i ld i ng and o f f  the 
concrete on the roof c o l umns . One s amp l e  o f  the s o i l  was 
taken from the sur f a c e  c lo s e  to co l umn 1 .  
6 . 2 . 2 .  Test ing : 
6 . 2 . 2 . 1 . Core t e s t i ng : 
The r e s u l t s  o f  the compr e s s ive s trength on the core 
s amp l e s  are given on Appendix VI . 1 . The resu l t s  o f  t h e s e  
t e s t s  show the c o n c r e t e  t o  b e  very w e a k  w i th two s amp l e s  
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be low the m i n im a l  requ ireme nt o f  2 0  N / rnrn2 for  structura l 
concrete a t  1 9 . 0  N / m.m2 and 1 9 . 5  N / rnrn2 . The rema i n i ng 
samp l es are weak w i t h  a st rength o f  2 5  N/rnrn2 to 3 0  N/ rnrn2 . 
The concrete was obs erved to be  e s s ent i a l ly free o f  
vo ids  and made f rom a nomina l 2 0  m.m na tura l s erpen t i n e  type 
aggrega t e . 
The concrete c o l umns have been covered w i th a l ayer o f  
mortar . The carbona t ion had not extended through t h i s  
layer o f  p la s te r  to t h e  concrete b e l ow the p l as ter a t  the 
core loca t i on s . s t e e l  was obs erved t o  be rusty . 
6 . 2 . 2 . 2 .  Ch loride ana lyses : 
The resu l t s  o f  the c h l o r i d e  a n a l y s e s  on the c h ip 
s amp l e s and on  t h e  core samp l e s  are  g iven on F i g . VI . 2  and 
F i g . VI . 3 .  A l l  of the samp l e s  f rom the cracked concrete 
show chlor i d e  ana l y s e s  f a l l ing w i t h in the h igh r i s k  range 
of the Concre t e  s o c i ety Techn i c a l  Report No . 2 6 .  The 
s amp l e s f rom the r o o f  f a l l  w i t h i n  the l ow to med i um range . 
The samp l e s  f rom t h e  i n s ide o f  the c o r e s , further f rom the 
outs ide f a l l  w i t h i n  t he med ium to i n s ign i f icant categor i e s . 
One samp l e  o f  t h e  s o i l  by Co l umn 1 was ana l y z e d  for  
chlor ide content and f ound to have a very h igh l evel o f  
chlor i d e , a t  1 . 6 4 %  C I  by dry we ight . 
6 . 2 . 3 .  s igni f icance o f  result s : 
The r e s u l t s  o f  the comp r e s s ive s trength on  the core 
s amp l e s  show the concrete to have a l ow s trength . Th i s  
ind icates  a re l a t ively high permeab i l i ty t o  c h l o r i d e . The 
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resu l t s  o f  the chloride ana lyses  indicate that chloride has 
trave l l ed up with wa ter from the ground into the concrete 
columns a l lowing the s t e e l  to lose i t s pa s s i v i ty and hence 
corrod e . The fact that there i s  a r e l a t ive l y  l ow l eve l o f  
chlor i d e  on the i n s i d e  e n d s  o f  t h e  core samp l e s  i n d i cates 
that the  original  compo s i t ion o f  the concrete wa s 
acceptably low in  chlor i d e . 
The phys ica l d i stre s s  to the near sur f a c e  concrete 
ind i c a t e s  a very hi gh leve l of s o lub l e  s a l t s  i n  the near 
sur f a c e  s o i l  which i s  conf ormed by the chlor i d e  analyses  of 
the one  s o i l  samp le taken . The prob l em i s  thus one o f  
contam i n a t ion o f  the concrete a f t er construct ion . No 
ev idence was observed o f  any a t tempt to pro t e c t  the near 
sur f a c e  concrete from the s a l t s . 
6 . 2 . 4 .  B u i l d ing examinat ion Conc lus ion and r e c ommendat ion : 
The corros ion o f  the s t e e l  r e i n f orcement i s  cons idered 
to be due to chlor ide from the s o i l  com i ng up w i t h i n  the 
concrete of the c o l umn s . Further cracking o f  the concrete 
co lumn s is to be expected a s  is further deter ioration o f  
the b l o ckwork around the bot tom o f  the bu i ld ing . I n  
add i t i o n , the s t e e l  re i n f orcement w i th i n  the ground beams 
may be  expected to deter iorate and cau s e  spa l l i ng of the 
concr e t e  of the ground beam . The prob l em may thus be seen 
to be one  o f  s a l t  r i s ing f rom the ground . There fore i t  wa s 
recommended that the ground around the bu i l d ing be 
excava ted and that the contamina ted concre t e  f r om around 
the bottom of the bu i l d i ng be chipped out back to beh ind 
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the re i n f o r c i ng s t e e l  i n  the ground beams and new concrete 
may then be p laced . The s i des o f  t h i s  new concrete shou ld 
then be protected by b i tuthene or s im i l a r  mater i a l  wh i ch 
shou l d  extend up to and a l i t t l e  above f i n ished ground 
l eve l . 
The concrete co l umn s  are cons idered to be s ever ely 
contaminated w i th ch l o r ide for them t o  be  r e s cued . Hence 
i t  was sugge s t e d  that they shou ld be  r emoved . There i s  
much mer i t  t o  rep l a c ing the concrete co lumns with 
b l o ckwork . Th i s  wou l d  avo id the prob l em o f  corro s ion o f  
the s t e e l  w i t h i n  any n ew co lumns . I t  shou l d  be pos s ib l e  to 
suppo r t  the roof  s l ab pure ly on the b l o c kwork . 
CHAPTER 7 
DI SCUS S I ON AND ANALYS I S  
I n  t h i s  chapter , t h e  r e s u l t s  obta ined f rom the 
preced ing work wi l l  be d i s cu s s ed and a n a l y z ed to f i nd out 
the important conc lus ions that can be a r i s e  from t h i s  work . 
The numer ical  mode l s  are  developed t o  s imu l a t e  the 
pump ing problems in  d i f f erent cond i t i o n s . The mode l s  
s imu late s t eady and uns teady groundwa ter f l ow s t a t e s . The 
f i n i te d i f f erence technique is u s ed in  the mod e l s  to so lve 
the p a r t i a l  d i f f eren t i a l  equa t i ons govern i ng the f low . The 
mod e l s  pred i c t  the groundwat e r  table correspond ing to 
d i f f erent p ump ing cond i t ions , a s  funct i on o f  the hydrau l i c  
condu c t i v i ty and the s a tura ted t h i ckne s s . 
The mod e l s  have been ver i f ied aga i n s t  known f i e l d  
mea sureme n t s  as  pres ented i n  chapter 5 .  A l l  output o f  the 
t e s t  prob l ems have g iven c l o s e  r e s u l t s  and have proved 
r e l i ab i l i ty a nd accuracy of the mode l s . 
S e n s i t i v i ty ana lys i s  was done to t e s t  the behaviour o f  
t h e  mod e l  a g a i n s t  changes i n  s evera l parameters l ike  gr id 
i n t en s i ty and arrangement , hydrau l i c  condu c t i v i ty , and 
s t o rage coe f f i c i ent . The be s t  grid for  u s ed could be an 
irregular gr i d  w i th rea sonab l y  extra number of node s  with 
un i f o rm spa c ing in  the v i c i n i ty of h i gh gra d i ent regions . 
The next s tep a f ter ver i f i cat ion o f  the mode l s  were 
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i t s  app l i ca t ion t o  a rea l pump ing prob l em .  The mode l s  were 
app l i ed on pump ing prob lem of two we l l s in  A l -Ain Area 
near Coca C o l a  P la t  and in  Al Dah i r  area with f i e l d  
mea surements  o f  other f our p i e zometr i c  we l l s . 
parameters were adj us ted to c o i nc i de 
observa t i o n s  through a ca l ibrat ion proc e s s . 
The input 
w i th f i e l d 
S imu lat ion runs for  the cal ibra t ion c a s e  were done 
cons ider i ng an  average hydrau l i c  condu c t i v i ty for we l l  
no . 7  and we l l  no . 1 4 .  The previous conf igura t ions o f  the 
f i n i  te d i f f erence gr i d  and boundary cond i t io n s  were the 
same in  a l l  the s imu lat ion runs except the pump ing rate and 
the locat ions of each we l l .  The hydrau l i c  conduct i v i ty 
a long w i t h  the s torat i v i ty were changed by 
d i f ferent va lues i . e . , 0 . 0 0 5  m/ hr a s  f i na l 
se lect ing 
hydrau l i c  
conductiv i ty and 0 . 0 0 0 0 0 0 3  a s  f ina l s tora t i v i ty for we l l  
no . 7  and 1 4  wh i ch changed the groundwa ter l ev e l s  to match 
f i eld  data . 
The drawdown o f  the groundwa ter level  a s  per the 
computer output 1 7 . 2 9 m a f ter 1 4  m i nutes f o r  we l l  no . 7 
whereas i n  the f i e l d  data i s  1 7 . 0 5 m a f ter 1 2  m inut es . 
S im i l a r ly the drawdown o f  the groundwa ter leve l as  per  
the computer output 1 7 . 0 5 m a f t er 1 5  m i nu t e s  for  we l l  no . 
1 4  whereas in  the f i e l d  data i s  1 6 . 0 8  m a f t e r  1 5  mi nute s . 
The groundwater leve l s  conc luded f rom the output a r e  
s im i l a r  t o  t h e  f i e l d  d a t a  wh i ch proves t h a t  the program c a n  
predict  the l eve l s  o f  groundwa ter r e s u l ted f rom pump ing o f  
a n y  we l l  under spec i f i c  cond i t ion . 
Al though there are some d i screpanc i e s  a t  some points  
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when compared w i t h the f i e l d  data , the overa l l  compar i son 
i s  qu i t e  s a t i s fa ctory to accep t  the s e l ected va lues of the 
parame t er . However , these d i s crepan c i e s  may be due t o  the 
a s s ump t i o n s  that are cons i d ered i n  the ca l ibra t ion proce s s .  
Part i a l  i nva l id i ty o f  one or more o f  these a s s ump t i ons 
l ea d s , of cour s e ,  to some r e s u l t s ' d i s crepancy . Anyhow , 
the mode l s  are too l s  for pred i c t i o n  o f  trends and magn i tude 
o f  change s ,  not to pred i c t  exa ct l eve l s . 
App l i ca t ion cases  gave a good examp l e  o f  the mod e l  u s e  
in  d e s ign i ng a pump ing s cheme through check i ng t h e  l owered 
wa ter l eve l s  result ing due to c e r ta i n  des ign . 
Through the ver i f i ca t ion , c a l ibrat ion , and app l i ca t ion 
o f  the mod e l  i t  has proved its s imp le  and va luab l e  us e .  
For further use o f  the mod e l  a s  a d e s ign too l for  pump ing 
scheme s ,  s evera l runs shou l d  be done . Some runs shou l d  be 
done to e s t imate the approx ima t e  r equ ired pump i ng r a t e  w i th 
an i n i t i a l  cho i c e  o f  an arrangement o f  a s e l ected number o f  
we l l s . Then s evera l runs s hou l d  be  done to t e s t  s ever a l  
a l ternat ive scheme des igns a n d  to f igure t h e  water l eve l s  
i n  each case . compar i s o n  between d i f f erent a l ternatives 
from econom i c a l  point  of  v i ew is  then easy to take p l a c e  as  
the number of  we l l s  and the p ump i ng rates  in each 
a l t ernat ive are known . 
For a s e lec ted s cheme d e s i gn ,  d i f f erent hypothe t i ca l 
opera t ing cond i t ions coul d  be s tu d i e d  to inve s t igate any 
un f o r s e e n  prob lems . Tab l e s  or chart s  for opera t ion of the 
scheme could be created depend ing on the outputs of s everal 
runs t e s t i ng e f f e c t s  of  operat ing each s i ng l e  we l l  w i th 
1 1 5  
d i f f erent p ump ing ra te s . The mod el  can ca rry out such runs 
in a matter o f  mi nut e s , and provide the requ ired data . 
T e s t s  have been conducted on groundwa ter samp l es from 
we l l  no . 7 and we l l  no . 1 4  to d e termi n e  the chem i c a l  and 
phys i c a l  character i s t i c s  of groundwa ter . The results  
i n d i cate that c h l o r i d e  and sulphate l eve l s  are h igh , thus 
the water has the potent i a l  of adve r s e l y  a f f e c t ing concrete 
f ounda t i o n s . 
As a s tudy case a bu i l d ing exam i n a t i o n  was made for an 
ex i s t i ng s i ng l e  s torey bu i ld ing in  the wes tern Reg ion o f  
Abu Dhabi Em i r a te f o r  which an i nve s t iga t i o n  w a s  made to 
provide i n f orma t ion on the ex i s t i ng concrete cond i t ion at 
the s i te  and to c l a r i fy the e f f e ct o f  groundwa ter r i s e  and 
c h l o r i d e  a t tack on  the concrete bu i l d i ng f ounda t i o n s . 
The groundwa ter , wh ich here has a h igher than usua l 
c h l o r i d e  content , trave l l ed up the found a t i o n s  o f  the 
bu i ld ing by cap i l l ary a c t ion . Once the mo i s ture i s  above 
ground l eve l i t  started to dry , and the oxygen reacted with 
the chlor i d e s  t o  start the corro s ion proces s .  Because o f  
the way t h e  mo i s ture come s f rom b e l ow ,  mo s t  o f  the 
corro s i on and concrete deter iora t i on prob l ems took p l ace 
j us t  above ground leve l in  the bu i ld i ng . 
The mod e l  leads to des ign o f  an  adequa te pump ing 
system that w i l l  not e f f ect the so i l  proper t i e s  and wi l l  
gu ide t o  proper des ign o f  concrete f ound a t ions o r  any 
underground s ervices w i thout any a f f ec t s  due t o  the 
groundwater p o l lution or groundwa ter f luctua t i o n s . 
CHAPTER 8 
CONCLUS I ONS AND RECOMMENDATI ONS 
A f in i t e  d i f f erence mod e l  was developed and used to 
s tudy the prob lem of seepage and pred ict  the groundwater 
tab l e  f luctuat ions re lated to d i f f erent boundary 
cond i t i ons . The model  had been ver i f ied , t e s t ed , 
c a l ibrated , and proved to be correct and to give r e l iable  
resu l t s . The mod e l  was app l i ed t o  an  a ctua l s i t e  i n  A I -A i n  
area , w i th d i f f erent we l l  arrangements and d i s charge s . 
The mod e l  i s  s imp le  in us e ,  and i t  enab l e s  s tudy i ng o f  
s evera l a l ternat ives o f  pump ing s cheme s b e f ore 
i n s ta l l a t i on . From these stud i e s  the e f f e cts o f  d i f f erent 
f a c tors  on the scheme wou ld be known and an opt ima l s cheme 
d e s ign cou ld be a c h i eved . 
Based on  the results  o f  the mod e l  ver i f i ca t i on ,  
c a l ibrat ion , and app l i cat i o n , the conc lus i o n s  and 
recommendat ions may be presented as f o l l ows : 
Conc lus ions : 
a .  Mode l l i ng o f  the seepage prob l em with a proposed 
s cheme des ign enab l e s  pred ict i on of  the groundwa ter l eve l s  
a f f ected by that scheme . Mod i f i ca t ion o f  t h e  d e s i gn b y  the 
mod e l  i s  then easy to achieve the requ i red water l eve l s ,  
b .  Un i f o rm f in i te d i f f erence grids  can b e  u s ed i n  
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s imu l a t ion of  s imp l e  or comp lex prob l ems , 
c .  The drawdowns o f  a s i te are d i r e c t l y  r e l ated the 
to tal  pump ing of the system ,  and 
d .  I n f luence l i nes for d i f f erent pos i t i o n s  o f  pump ing 
we l l s in the s i t e  g i ve gu ide l i nes f o r  a l t ernat ive we l l  
opera t i o n  i n  cases  o f  sudden shut down o f  s ome opera t ing 
we l l s  or i f  deep groundwater leve l s  are  requ ired . 
Recommenda t ions : 
a .  The use o f  the mod e l  saves the c o s t  o f  i n s ta l l at ion 
of a wrong scheme des ign and app l i e s  an  adequa te pump ing 
sys tem wh i ch w i l l  not a f f e c t  the s o i l  proper t ies  and a l so 
uses  a p roper des ign of concrete f ound a t i o n s  o f  bu i l d ings 
wh ich wi l l  not be a f f ec t ed by the groundwat e r  p o l lut ion or 
groundwa ter f luctua t ions , 
b .  I t  i s  recommended to run severa l we l l  pump ing tests  
in  d i f f erent s i tu a t i o n s  dur ing the i n s t a l la t ion o f  the 
sys tem to check the input parameters and check the des ign 
by r e l i a b l e  s imu l a t ion , 
c .  B e f ore d e s ign and insta l la t ion d e t a i l ed s o i l  
inve s t i ga t ions i n  d i f f erent pos i t ions  i n  an  a r ea should be 
ava i l able  to g ive accurate inf orma t ion about aqu i f er type 
and so i l  parame t er s ,  and 
d .  These types  of mod e l s  are very u s e f u l  f o r  some o f  the 
Governmental  depar tments as we l l  a s  f o r  many other bu s i ness 
peop le  concerned w i t h  groundwater r e s ources and 
agr i cu l ture . 
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Table 7 .  Concrete exp?'lcd U, s ul phate attack 
a...... Co�ntrat lon or . Q.] p h.a.L«  Cement complying .,.-j th  
exp� .... $O� 
l.n .o UZ) ln g:rottn<i -l'\'1t.(: r 
Tht.oJ $OJ $O� In 2: I 
... ater:aoil 
e X lra.ct 
% gIL gIL 
1 Less Less Less Thble 1 
than 0 . 2  than 1 .0 than 0.3 
2 0 . 2  to 1 .0 to 0.3 to BS 12, BS 1 4 6 ,  BS 6588 
0.5 1 . 9  1 . 2 
13S 1 2  combined .with less than 25 % pfa 
BS 1 2  combined with less than 70 % ggbs 
BS 12 combined with 25 % to 40 % pea 
BS 12 combined wi th 70 % to 90 % ggbs 
BS 4 2 4 6  with at least 70 % ggbs 
BS 6588 with at least 25 % pfa 
BS 6 6 1 0  with not more than 40 % pfa 
BS .4027 (SRPC) 
BS 4248 (SSC) 
BS 12 combined with 2 5  % to 40 9� pfa 
BS 12 combined with 70 % to 00 % ggbs 
BS 4 2 4 6  with at least 70 % ggbs 
BS 6588 with at least 25 % pfa 
BS 66 1 0  with not more than 4 0 % pfa 
3 0.5 to 1 .9 to 1 . 2 to BS 4027 (SRPC) 
1 .0 3 . 1 2 . 5  
BS 4 2 4 8  (SSC) 
<I 1 . 0 to 3 . 1 to 2 . 5  to BS 4027 (SRPC) 
2 . 0  5 . G  5 . 0  BS 4 24 8  (sse) 
5 Over 2 Over 5 . 6  Over 5 . 0  BS 4027 and 
BS 4248 (SSC) both v.'ith adequate 
protective coating (see BS 8 1 1 0) 
. .  . 
In�. fully 
co m pact M co nCTrt.e 
rna.d e wi th to tnlII 
no rnlIal m.u:im IUD 
. IU  a.gp;nga.t� 1 )  
complying with 
as 882 or BS 1 0 4 7  
Cement � 
content W1Lter/c� 
not leu ment rati o  : 





3 1 0  0.55 
280 0 . 55 
380 0 , 4 5  
330 0.1)() 
370 0 . 4 5  
370 OA 5 
1) AdjU5lm en� to minimum cemenl con lent  �hould be mule (or asgreg:at� o( nomlnaJ nuximum �ize olher tiu.n 20 mm In 
&crQ rd ance "filh table 8. 
2i U much of the su lphate is pre� n t  IU low ""lubUity calclum ,ulphate. anaJ�;i, on the ba.,l! of Il 2 :  1 ",. tt'r extract may permit 
a lo ..... e r  site c1asslfic:ll ion lh�n t i lal obt.aJ n ed  from the tx1 raction of 10L1i SO ). R e r e rence should be mo.de to nnE Cu�nl 
Pa pe r  2..79 (or m e lhoru of anaJ)"sls. an d  to DRE D�u 250 and 2i6 for lnlerpreulion in relation to l\.'lturaJ !!.(Jill and rLlli, 
r�pectlvely. 
:-.iOTE I .  W llh ln ( h e  limi� .'IX'CifiN"i In t h is  ub le , the �u l p hA l r  rt'5�tance or combinAtioN or l<8� &J)d p{� with SRPC 'Will be at 
le a.." eQuh'alC'nt to CO",blr.alion� "" Ith c e m ent C'Ompl)'1Ilg wilh OS 1 2 . 
:"'iOTE Z. It I, rl"Ct'mmendcd that lhr aJ umlna cont ent or g,t(IJ6 d� not f�C'N'd J ;:;  �, . 
A1?P N D I X  I I . 1  CI/ S I O  I�I(, OIC{ S  r 
:8 ) :8 u.. i I d i n. g  Re s e a r c. h q ( R B )  • ...L 2 5 0  
E s t ab l i s h.m. e n. t D i ge s t 
C o n e r e  te l n s u I p h at e - b e a r  i n 'g s o  i I S 
a n d  g ro u n dwaters 
This dig es (  dis cuss es ( h e  fa ctors responsible for s ulpha t e  a ltacx on con cr� re b ela 
ground le vel, a n d  recom m e n ds wha (  can be don e. by s uitiJ ble selecrion of c e m e  
type a n d  con crelc q ua lity. t o  resist a ttack b y  n a tura lly·occurring sulpha tes. lt repla ci 
Digest 1 74 which is n o w  with dra wn. 
�� ctors infl u e n ci n g  s u lph a t e  a tt a c x 
Aqueous  s o l u t i o n s  o f  s u lp h a t e s  a t t o ck t h e  h a r d e n e d  
cement  i n  c o n c r e t e ,  t h e  c h e m ic o l  r e a c t i o n s  o c c u r r i n g  
d e p ending u p o n  t h e  n o tu r e  o f  t h e  s u l p h a t e  p r e s e n t  
a n d  t h e  type o f  t h e  c e m e n t .  Th e r o t e  o f  il l l <J cK d e p e n d s  
g r e il tly o n  'th e  p e r m e a b i l i t y  o f  t h e  c o n c r e t e .  Th e 
(actors infl u e n c i n g  a l l a c x  a r c :  
( a )  t h e  a m o u n t  a n d  n il t u r e  o f  t h e  s u l ph il t e  p r e s e n t ;  
( b )  t h o  l e v e l  o f  t h e  w o t e r  t il b l e  a n d  i t s  s e a s o r' u l  
vari a ti o n ;  
(c) the ( Jow of g r o u n d w a t e r  a n d  s o i l  p o r o s i ty;  
(d) the (orm of c o n s tr u ct i o n ;  
( e )  t h e  q u a l i ty o f  t h e  c o n c r e t e .  
I f  sulpha t e s  c a n n o t  b e  p r e ve n t e d  ( r o m  r e a ching t h e  
s tructure.  t h e  o n ly d e fe n c e  a g o i n s t  a t t a c k  l i e s  i n  t h e  
controf  o (  ( a c t o r  ( e ) ;  i t  c a n n o t  b e  t o o  s t r o n g ly e m p h il ­
s i s e d  t h a t  ful ly c o m p a c t e d  c o n c r e t e  o f  l o w  p e rm e a bi l -
i ty must  be  u s e d. 
. 
O c c u r r o n c o  o f  s u l p h D t e s  S u l p h il l e s  o c c u r  m il in ly  i n  
s t ra ta  of  l o n d o n  Cl ilY, L o w e r  L i a s .  O x ford C l ay. 
Kimm c l l u v e  C l a y  il n d  K e u p e r M il r ! .  T h e  m o s t  il b u n ­
d il n t  s a l ts  a r c :  
C a lc ium s u l p h J l e  ( g y p s u m  o r  s e l e n i t e )  
M a g n e s i u m  s u l ph il t e  ( E p s o m  s a l t )  
S odium s u l p h a t e  ( G l il u b e r ' s  s il l t ) . 
S u lphuric a cid  il nd s u l p h il t e s  i n  a c i d  s o lu t i o n  o c c u r  
m u c h  l e s s  o h e n  b u t  m i g h t  b e  fo u nd wh e r e  pyri t e  i n  
t h e  s oil  i s  b e i n g  s l owly oxi d i s e d. f o r  e X il m p l e n e J r  
col li e ry t ips.  a n d  i n  m il r s h y  c o u n t ry.  
As wel l  as  o cc u r r ing n a t u r a l l y, s u l ph il l e s  a r c  s o m e · 
t i m C l  p r e s e n l in m a t e r i il l s  s u c h  a s  c o l l i e ry s h il l c  u s e d  
a s  f i l l  b c n e il l h  s o l i d  c o n c r e t e  g r o u n d  f l o o r s . M o i s t u r e  
(rom t h e  g ro u n d  c a r r i e s  t h e  s a l t s  t o  t h e  u n d e r s i d e 
t h e  c o n c r e t e  which is t h e n  a t l a ck e d  l e a ding to e x  
a ns ion a nd c r a c k i n g  o f  t h e  fl oor  a n d  the s u rroundi l  
s t r u c t u r e s  ( s e e  D i g e s t  2 2 2) .  Brick rubble .  partic u l a r  
wi th  a dh e ring p l a s t e r. a s h e s  a n d  s o m e  indu s t r i a l  a r  
m i n e  w a s t e s ,  a r c  p o t e n t ia l  s o u rc e s  o f  dam a g e  I 
s u l p h a t e  a t t ack.  
Movem e n t  o(  s u l p h a t e s  Water  m o v e m e n t s  may I 
v e rti c a l  or h o riz o n t a l  d e p ending on s e a s o n a l  v a ri 
t i o n s  i n  r a i n f il l l  a n d  o n  the  g e o l o g y  o f  the  s i t e  a n d  1 
e nv i r o n s .  A l o w  s u l p h a t c  cont e n t  in t h c  soi l  d o e s  n 
e l i m i n a t e  t h e  p o s s i b i l i ty o f  su lpha t e  a l t a d: s i n  
g rou ndwa t e r  m a y  f l ow from a d ajc e nt a r e a s .  p a rtic  
l a t ly i f  t h e  s oi l  has  b e e n  d is turbed,  c g  by laying pipe  
Howeve r, i n  u n di s t u r b c d  c lay soi ls  t h e  move m e n t  
s u l p h a t e  i o n s ,  e i t h e r  with t h e  w a t e r  or by d i l f u s i (  
t h r o u g h  i t ,  is  l i � e l y  t o  b e  v e r)' s l ow. 
F o r m  of c o n s t r u c t i o n  G ive n t h e  S il m e  c o n cr e t e  Q u a l i 
a n d  c o r r o s i v e  c o n d i t i o n s ,  m a s sive forms of c o n s t r u  
t i o n  '",il l  d e t e r io ( <J t e l e s s  Q uickly t h a r:  thin s e c t ion 
Th e  r il l e  of  a t t il c �  on concrete  with a l l  fil c e s  e x p o s !  
t o  t h e  s a m e  c o n d i l i o n s  o f  m o i s t u r e  p l u s  su lph a t c s w 
b e  l e s s  t h a n  i f  m o i s t u r e  c a n  be l o s t  by e v a po r a t i o n  I 
l e a �a g e  f r o m  o n e  o r  m o r e  of t h e  c o n cr e t e  s u n a c !  
a n d  c o n t i n u o u s l y  r e p l e ni s h e d f r o m  a n o t h e r .  T h l  
b il s e m e n t s ,  c u l v e rt s .  r e t a i ning w a l l s  J nd g r ou n d f l o l  
c o n c r e t e  s l a b s  a r c  m o r e  vul l l e r J b l e  t h a n  f o u n d J t i o l  
il n d  pi l e s . 
T h e  c o nc r e l e  g r o u n d  f loor h a s  p r ove d t h e  m o 
t r o u b l e s o m e  s i t u a l i o n .  T h i s  i s ' due 1 0  t h o  m o 
( J vou r a b l e c v a p o r il l i o n  c o n d i t i o n s  i n s i d e  b u i l d in \  
P r e p a r e d a t  B ui lding R C H a r c h  S l � t ion .  G a r s t o n, W a t f o r d. W D 2  7 J f1  d d  s T H h nlul  , nquid • •  H i s ing  f r o m  th is  D i g e s l  s h ou ld  b e  d i r e c t e d  10 O u i ld ing fl e s c a r c h  A d vi l o r y  S � r v , ( e  a t  t h c  a b ove a 
r n  
2 5 0  
J i"ld t o  the fr e q u e n t  u s c, w i t h o u t  t h e  p r o v i s i o n  o (  J 
w J t c: r p r oo f  m e m b r a n e , o f  i m p o r t e d  ( i l l u n d e r  l I o o r s  
(o r d r J i n J g e  J n d  l ev e l l i n g  p u r p o s e s .  H o w e v e r .  i n  t h e  
U K .  s u l p h a t e s  n r e  n o t  f o u n d  i n  h i g h  c o n c e n t r a t io n s  a t  
the n a t u r a l  g r o u n d  s u r fa c e .  B a s e m e n t s  J r e g e n c r J l ly 
required t o  b e  w J t c r· t i g h t  u n d  if  s u l p h OJ t e s  a r c  p r e s e n t  
in t h e  u dj a c e n t  s o i l  o r  g r o u n dw a t e r, t h e  u s c  o f  t h e  
a p p r o p r i a t e  Q U OJ l i ty o f  c o n c r e t e  ( s e c  Ta b l e  1 )  t o u e t h e r  
with t h e  p r e v e n t a t i v e  m e u s u r e s  r e c o m m e n d e d  i n  C P  
1 02 .  s h o u l d  p r o v i d e  u de q u a t e  p r o t e c t i o n .  F o u n d a t i o n s  
a n d  pi l e s  which h OJ v e  r o u n d e d  e d g e s u n d  a s m o o th 
surface  a r c  l e s s v u l n NH ll l e  t o  a t t a c ,",  by s u l p h a t e s .  
F o r  g u i d a nc e  on  t h e  cov e r  r e q u i r e d  f o r  r e i n f o r c e m e n t  
reference s h o u l d  b e  m a d e  t o  C P  1 1 0 ,  Mo dr:ra t r:  
expos ure conditions, b u t  c o r r o s i o n  o f  r e i n fo r c e m e n t  
be low g ro u n d  i s  u n u s u OJ I  b e c a u s e  .o f  t h e  l i m i t e d  
avai l a b i l i ty o f  oxy g e n  i n  c o m p a c t e d  w OJ t e r · s a t u r a t e d  
soi ls .  D e s pi t e  t h e  t h i n  w a l l  s e c t i o n s  o f  c o n c r e t e  p i p e s ,  
the h i g h  Q u a l i t y  c o n c r e t e  r e q u i r e d  t o  s a t i s fy 8 S  5 5 6  
g i v e s  OJ s ;) t i s fa c to ry p e rfo r m ;) n c e  i n  s u l p h OJ t e  s o i l s  
prov i d e d  t h e  a p p r o p r i a t e  c e m e n t i s  u s e d  ( s e e  T a b l e  1 ,  
but n o t e  t h a t  8 S  5 5 6 : 1 97 2  d o e s  n o t  p e rm i t  t h e  u s e  o f  
p f a  n o r  t h e  u s c  o r  s l a g  e x c e p t  a s  a c o m p o n e n t  o f  
Portl a n d  b l a s t f ur n a c e  c e m e n t ) .  
Q U ll l i t y  o f  concr e t e  C o n c r e t e  o f  l o w  p e rm e a b i l i t y  i s  
e s s e n t i a l  t o  r e s i s t  s u l p h a t e  a t t a c k ;  h e n c e  t h e  c o n c r e t e  
m u s t  be ful ly compac ted. T h e  m i x  mus t  b e  d e s i g n e d  
t o  have s u ffi c i e n t  w o r k a b i l i ty t o  a l l o w  f u i l  c o m p a c t i o n  
Dnd y e t  h ;)ve a fr e e  w a t e r/c e m e n t  r u t i o  a s  l o w  a s  
p o s s i b l e  c o m p a t i b l e  w i t h  t h e  r e q u i r e d  w o r k a b i l i ty a n d  
no g r e a t e r  t h a n  t h OJ t  s p e c i fi e d  i n  T a b l e  1 f o r  t h e  
p a rt i cu l n r  soi l  c o n d i t i o n s .  ' F r e e '  w a t e r  i s  t h e  t o t OJ I  
weight  o (  w a t e r  i n  t h e  f r e s h · c o '! c r e t c  I e J :'  t h a t  
absorbed by t h e  a g g r e g a t e .  F o r  a p a rt i c u l n r  s i t u a t i o n ,  
t h e  cem e n t  c o n t e n t  m a y  h a v e  t o  b e  g r e a t e r  t h a n  t h e  
minimum s p e c i f i e d  i n  t h e  t a b l e ,  s o  a s  t o  OJ c h i e v e  t h e  
re 9 uired workJbi l i ty  w i t h i n  t h e  l i m i t s  o f  t h e  m OJ x i m u m  
f r e e  wn t e r/c e m e n r  r a t i o .  T h i s  a l? p l i e s  p a r t i c u l a r ly  t o  
c a st · in·s i tu c o n cr e t e  p i l e s  w h e r e  t h e  o v e r r i d i n g  c o n ·  
side r a t i o n  is  t o  e n s u r e  c o m p l e t e  c o m p a c t i o n  a n d 
t h e r e l o r e  s tructu r a l  i n t e g ri t y  o f  t h e  p i l e ;  in t h i s  c n s e, 
t h e  mix m u s t  b e  d e s i g n e d  t o  p r o d u c e  a h i g h l y  
worka b l e  b u t  c o h e s i v e  c o n cr e t e .  T h e  c o rr e c t  d o s a g e  
o f  a n  a d mixtu r e  t o  i m p ro v e  c o m p a c t i o n  (worka b i l i t y  
a i d) or t o  a l low t h e  u s c  0 1  l ow e r  w a t e.r/c e m e n t  r a t i o s  
( wa t e·r· r e ducing a g e n t s )  m a y  b e  b e n e fi c i a l  i n  p r o d u c ·  
i n g  a d e n s e r  c o nc r e t e  bu t  a d m i x t u r e s  c o n t J i n i n g  
c a lci u m  chl or ide a r c  n o t  r e c o m m e n d e d. 
C l a u .. if i u li o n  o f  s n o s  a n d  r o c o m m o n d b li o n s l o r  
concr o t o  
F o r  c l J s s i f i c <l t i o n  p u r p o s c s  s i t e s  h a v e  b e e n  divi d e d  
Inlo five c a t e g o r i e s  o r  i n c r c J s i n g  s e v e r i ty, b a s e d  o n  
t h e  s u l p h a t e c o n t e n t s  o f  t h e  s o i t il n d  g r o u n d · wa t e r. 
The r e c o m m e n d e d  ty p e o f  c e m e n t  <l n d  t h e  c o r r e s ·  
po n d i�o m i n i m u m  c e m o n t  c o n t e n t f o r  e o c h  o f  t h o , o  
c l a s s e s  a r c  g i v e n  i n  T a b l e  1 .  t t  m u s t  b e  r e m e m b e r e d  
t h il t  t h c  divi s i o n s  b e t w c e n  t h c  c l OJ s s e s  a r c  s o m e w h J t  
a rbitra r i ly dr awn a n d  t h ;) t  t h e  r e c o m m c n d OJ t i o n s  (l r C  
judg e m e n t s  b a s e d  on  p r e s e n l  k n owl :: d g e. 
2 
A P P E ND I X  1 1  .. 1 ( B )  I C O l 'D 
T y p e s  0 1  1: e rn e nt 
When c o n c r e t e  p r e p a r c d I r o m  o r di n a ry o r  r a ;::; i c:  
h a r d e n in g  P o r t l a n d  c e m e n t  i s  e x pos ed t o  s u l p h a t e  
s ol u t i o n s ,  r e ;) c t i o n s  c a n  occur b e tween sul p h a t e  a n d  
h y d r .:l t c s  f o r m e d  f r o m  t r i c a i c i u m  a l u m i n a t e 
( 3 C a O .AI]O) o r  C J A )  i n  t h e  c e m e n t  or b e tw e e n  s u i .  
p h a t e  .:I l l d  c a l c i u m  h y d r o x i d e  re le ased d u r i n g t h e 
c e m e n t  hyd r a t i o n .  T h e s e  r e a c t i ons may l e a d  to ;) 
c o n sid e r il b l e  e x p a n s i o n  o f  t h e  concr e t e ,  fi n a l l y r e s u l t .  
i n g  i n  i ts  b r e a k down. A h i g h  r e s i s tan ce t o  s u l Q h a l e  
a t t a c K  i s  o b t a i n e d  w h e n  t i l e  tr ica lcium a l u m i n a t e  
c o n t e n t  o f  t h e  c e m e n t  i s  k e p t  l ow. Ponland c e m c n t s  
complying w i t h  B S  1 2  u s u a l l y  contain a s i g n i f i c a n t  
p r o p o r t i o n  o f  t r i c a l c i u m  a l u m i n a t e ,  b u t · i n  s u l p h a t e ·  
r e s i s ting P o r t l a n d  c e m e n t com p lying witl:J B S  � 0 2 7  t h e 
a m o u n t  i s  l i m i t e d  t o  3 . 5  p e r  c e n t  by weight .  
Concrcte  m a d e  w i t h  g r o u n d  g ra n u l a t e d  b l a s t ru r n a c e  
s l a g  a n d  P o r t l a n d  c e m e n t i s  r e g a r d e d  .:I S  h av i n g  
s u l p h a l c  r e s i s t i n g  p r o p e r t i e s  w h e n  the s l a g  c o n t e n t  o f  
t h e  s l a g /c e m e n t  m i x t u r e  e x c e e d s  7 0  p e r  c e n l .  P o n l a n d  
b l a s t fu r n a c e  c e m e nt 1 0  B S  1 4 6  i s  l imi t e d  1 0  a m a x ·  
i m u m  of 6 5  p e r  c e n t  s l a g  a n d  i s  t h e r e fo r e  r e s t r i c t e d  t o  
C l il s s e s  1 a n d  2 o f  Ta b l e  1 .  Low h e a t  P o n l a n d  
b l a s t fu r n a c e  c e m e n t  t o  B S  4 24 6  i s  l imit e d  t o  a 
m i n i m u m  0 1  50 p e r  c e n t  a n d  a ma ximum 0 1  9 0  p e r  
c e n l  s l ag .  I I  t h e s l a g  con t en t  e xceeds 7 0  p e r  c e n t  i t  
m a y  b e  u s e d  i n  C l a s s  J c o n d i t i o n s  as shown i n  Ta b l e  1 
b u t  il t h e  s l a g  c o n t e n t  is l e s s  t h a n  70 p e r  c e n t  t h e  
c e m e nt m a y  o nl y  b e  u s e d  i n  C l a s s e s 1 and 2 o f  Ta b l e  
1 .  There i s  c o n s i d e r a b l e  evidence that  t h e  s u f ph a t e  
r e s i s t a n c e  o f  c o n c r e t e c o n t a i n i n g  s l a g  i s  r c d u c e d  a s  
t h e  a l u m i n a  c o n t e n t  o f  t h e  s l a g  increases. A m a x im u m ' 
I c v e l  of 1 5  p e r  c e n t  A!] O )  is r e c o m m e n d e d  l o r  s l a g  t o  
b e  u s e d i n  C l a s s e s 2 a n d  3 o f  T a b l e  1 .  
P M t i a l  r c pl a c e m e n t  o f  P o r t l a n d  c e m ent  o y  p 0 1 2 0 l a n a s  
i m p ro v e s  c h o m i c a l  r e s i s t a n c e  a n d  concr e t e  m a d e  w i t h  
O P C  a n d  p fa t o  B S  3892 ' i s  r e g a r d e d  a s  h a v . n g  
s u l p h a t e  r e s i s t i n g  p r o p e rt i e s  w h e n  t h e  pfa c o n t e n t  o f  
t h e  mix t u r e  e x c e e d s  2 5  p e r  c e n l .  I t  may b e  u s e d  i n  u p  
t o  C l a s s  3 c o n d i t i o n �  (Ta b l e  l ) . l f  t h e  p fa co n l e n t  i s  l e s s  
t h .:l n  2 5  p e r  c e n t  t h e  c o n c r e t e  s hould b e  u s e d  o n l y  i n  
C l a s s e s  1 a n d 2 .  
W h e r e  pfa:P o r l l a n d  c e m e n t  o r  s l ag!P o r l l a n d  c e m e n t  
m i x e s  a r e  s p e c i f i e d  i n  T a b l e  1 ,  t � c;  u s e  o f  pfa;S R P C  o r  
s l a g/ S R P C  m i x e s  w i l l  !l o t  g iv e  l o w e r  s u l p h a l e  r e s i s t ·  
a n c e  t h a n  s i m i l a r  c o m b i n a t ions wi th ope o r R H P C .  
R e p l a c e m e nt 0 1  O P C  w i t h  e i t h e r  s l J g  or p i a  w i l l  r e d u c e  
Ihe r a t e  o f  h a r d e n i n Q a n d  t l r e nO l h  d o v e l o p m o n t o f t h o 
. . td d ' I '  W h o n  h � l c h ·  c o n c r et e ,  p a r t . c u b r t y  I n  co c o n  • •  o n s .  
c d  o n  s i t e ,  i t  i s  t h e  re s p o n s i b i l i t y  o f  t h e  con c r e t e  
p r o d u c� r t o  e n s u r e  e f fic i e n t  t l l c ndin o o f  t h e  c e m e n t  
c o m p o n e n t s  i n  t n e  c o r r e ct p r o l-l o r l i o n s :  i n  I h e  c a s
.
e � (  
l a c t o ry bt e n d e d  c e m e n t s  1 0  B r i l i s h S t a n d a r d s .  I h . s  I S  
t h e  r e s p o n s i b i l i t y 0 1  t h e c e m e n t  m,
a nulaC lu r e r .  
S u p e r , u l p h a t c d  c e m e n t  t a S  4 2 4 8 ) m a y  b e  u ,.e d i n  
c o n d i t i o n s  w h e r e  S R P C  i s  r c comn1ende d b u t  . s  n o t  
c u r r e nt ly () r o d u c e d  in t h e  UK. 
A P P E  D I X  I I . 1 ( B ) I COI ·T . 
2 5 0  
Ta bl . 1 :  n o qu l f l m t n t a lor  e o n Cl o t o  o x p o l od to  l ulp h a t o a l l l e \(  
RccommcndJ tions JfC for conclete ;11 i1 n Cd(·n cutIJI gio un dw4 tcr - for � cid conchllonS refer 10 BRE CUff e n !  P�pu C P  )3177 
C o n e e n t t l t lo n s 0 1  , u l p h o t o s 
. x pr a " e d I I  S O ,  
R o q u i f l m o "l l  l o r  d . n "  l u l l  
c o m p l e t . d c o n e r o l . m a d . wil� 
1 0 0 r o O l l U  m . .  t i n l1  t h o r e  • 
. q u i r t m . n t l or OS a u  or 1 0-0  
C l U J  
2 
In l ol l  
Tot a l S O ,  
,/.} 
l e s s  thiln 
0·2 
0·2 to 0·5 
so, I n  2 : 1  
w a t o r : s o il 
e x t r a c t  
gil 
L e H  t h a n  
' · 0  
1 ·0 t o  1 ·!l 
In g r o u n d ·  
W A t e r  
gIl 
Typ o of c . m o n t 
O r d i n a r y  P o r t l a n d c e m e n t  
(OPC) 
R a pid H a rd e n i n g  P o rt l a n d  Ce·  P l a i n  
l e s s  I h a n  m e n t (RHPC) c o n c t c t e  I I I  
0·3 - or combinilt ions 0 1  e i t h e r  ce· R e inlo r c e d  
m e nt w i t h  s l a g lll o r  p l il  1 < 1  concr e t e  
P o n l a n d  O l il s t ru rn a c c C e m e n l  
( P O F C )  
OPC o r  RHPC or combin a tions 01 e i th er c e m e nt 
with s l a g  or pIa  
P O F C  
O P C  o r  IIHPC c o m bin e d with minimu m 70',� o r  
0 · 3  to 1 · 2  m a xi m u m  !l0'l. S l il g'"  
OPC or RHPC combined wilh minimum 2 5 '/. or 
m ilximum 40'!. pla'"  
. 
S u l p h J t e  R e s i s ti n o  P o rt l il nd c e m e n t  (SRPC)  
ope or nHPC combined with minimum 7 0 '!.  or 
m a ximum 90'!. s l a g  
O P C  o r  R H P C  c o m b i n e d  with minimum 2 5 '/.  o r  
m aximu m  40'/, p I a  
M i n I m u m  
c l m . n l  




3 1 0  
290 
J O O  
M u /mum I f l I  
w l t t r/c . m . n t' \ 
T 1  t io  
0·70 
0.60 
0· 5 0  
0 · 5 5  
0 · 5 5  
0 · 4 5  
3 0·5 10 ' ·0 ' ·9 to ) . , ' ,2 to 2·5 . _________________________ _ 
4 1 ·0 to 2·0 3 , '  t o  5·6 
SRPC 
2·5  to  5·0 S R P C  
J J O  0·50 
J 7 0  0·4 5 
5 Over 2 Over 5 ·6 Over 5·0. 'SRPC+ p r o t e ct ive  c O J t i n g ' "  J 7 0  0·4 5 
OJ Jnch,ul ..... af conllnl of p r .  or , I t O. ihl" tun_nl  (0"",,11 , . IH. 10 10 mm nomin a l  mu ,imvrT' siu . O O f c Q J l r. In O ld . ,  10 (n j .I\U,n th. urn,1'l1 ( Q n U I\ 1  of 'h'  rr"O" 
I I H1ion II  limit., v.llv . .. Uu mlf\ilT'vm ( . m t ,,1 (onl ."" gl,.,tn ''''ovid b-. in("u , d  by SO ,  g.m )  Jor  \ 0  mm nomin ", r ",.1  a wTIvm I I '  C 'Og" O . 1 I  ,f"Id fT 'II Y b .  0 . " , .  u<f 
4.0 \ olm' Jot "O mm nomin.1 m uimum ,i, l ' O O" O . u. (1) WI'\tn 'Hino .ulp 'ound"ionl . nd \ t u Hh fiU 101 low.ti .. bUlfdinO.  in Clut 1 lulpha .. condilionl 'UI I"'. ,  , . h . ,t lon in 11\, ( . m . nt (on\.,,1 .I'\od .... I I U· ( t m  .. "t " 1100 
p .. ,mi. , ibh, 
DJ G , o vnd Qunvhhd bh lrfv/nt(' . h O. A n.w O S ;, In p t t p u "jot\. 
1"1 S . ,.C h d  01 tl. "ili.d povJ .... . ti •• d." ,.' uh 1 0  as ).891. A n......, O S  lup., udinO OS J 0 9 .2  I,  in p ' t p l I , , :on. 
151 'a, t a nl l1'f """ .igf\I 0' . f 'O/CHT' U nl mi.tvtf 
(Ll r t l  , ,, ,I b.,. ", ... ighl ()t pfaJt t m , ,,1 m;.h.ll a 17) S •• 8S C.P 10);U7): ' , ohC\ion 01 building.  ' O .i,,,, w . h l  f/om Ih, oround. 
S ll m p ling a n d  t o s t i n u  of u r o u n dw ll t o rs 
Th e m a i n  d a n g e r  in c l a s s i fying s i t e s  
'
o n  t h e  b a s is o f  
g rou ndwJ t e r a n alysis  al o n e  l i e s  i n  t h e  d i f fi c u l ty i n  
obtaining s a m p l e s  t h a t  il r e  n o t  d i l u t e d  with  s u d il c e  
w a t e r  ( s e c  CP 2 0 0 1  A p p e n d i x  F ) .  T h e  s ol u b i l i t i e s  o f  t h e  
t h r e o  m o s t  a b u n d a n t  s a l t s  m e n t i o n e d  e a r l i e r- a n d  
e x p r e s s e d  <I S  g r a m m e s  o f  s u l p h u r  t r i o x i d e  ( S O,) p e r 
l i t r o  o (  so/utio n -cl i H o r  c Oil s i d e r a b ly. T h a t  o f  c J lc iu m  
s u l p h il l c  i s  only 1 .2 g  (SO))  p e r  l i l r e  c o m p J r e d  w i t h  
a bo u l  1 50 a n d  2 0 0  l i m e s th is  v J i u e  ( o r  m ;:r o n e s iu m 
u n d  sodium s u l p h il l e s  r e s p e ct ive ly .  T h e  S O )  co n t e n t 
0 1  g r o u n dwJ l e r s t h e r c l o r c  g i v e s  I n  i n d i c J t i o n  
w h e t h e r.one (or  bO lh ) o f  t h e  l a t t e r  s u / p h il l e s  i s  p r e s e n t  
a n d  t h c  divi s i o n  o f  c o l u m n  4 0 1  T a b l c  1 b e twe e n 
C l a s s o s  2 o n d  3 d i r e c t ly f e l J t e s  t o  t h i s .  T h e  m e t h o d s  
r e co m m e nd e d  [ o r  t h e  il n J ly s i s  o f  g ro u ndwil t e r s  f o r  
s u l p hate s a r c  g iv e n  i n  ORE  Cu r r e n t P u per  2n 'J ;  
sulphJte  co n t e n t s  a r c  r e f e r r e d  · t o t h r o u g h ou t t h i s  
d o c u m e n t  J S  S O) ( s u l p h u r  t r i o x i d e). Resu l t s  r e p o n l  
a s  s u l p h a t e  i o n  ( S O . ) ' m a y b c  conve rt e d  t o  S O )  I 
m u l t i plyi n g  by t h e  f a c t o r  0.833.  C o nc c n t r a t i o n s  o f  SI 
i n  g r o u ndwil t e r  g i v e n  in p a n s  per  m i l l i o n  m a y  I 
c o n v e n e d  t o  gJl i t r c  by div i d i n g by 1 000. 
S lI m p l i n \J  of s o i l s  a n d o x t r a c t io n or s ul p h � t o l  
S u i t a b l e  soi l  s a m p l e s  m a y  b e  o b t a i n e d  f r o m  I h o  t l  
b or e h o l e s  m a d e  f o r  e n g i n e e r i n g  p u r p o s c s .  T h  
s h o u l d  b e  t a k e n  a t  e v e ry 1 · 2 m  J n d  w h e r o v e r  
o bvious ch il n \J e i n  s t r a t u m  O C Cl l r s .  E c o n o m ic c o n s  
e r a t i o n s  w i l l  g ov e r n  t h e  n u m b e r  o f  s o i l  S J m p  
a n J /y s e d . W h e n  t h e  c o s t  o f  a n il ly s i s i s  l ow c o m p a �  
w i t h t h e  p r e p a r a t i o n  a n d  bulk inO  of I h e  � a m p l 8  ; t  
p r e f e r a b l e  t o  a n J l y s o t h e  s a mpl o s  s o p a r a t e ly.  I I .
 
s a v e  c o s t s . s a m pl e s  J r e  c o m bi n e d. t h i s  s h ou l d  o n l
�  
d o n e  f o r  s a m p l e s  f l ::r m  t h e  s a m e  d e p t h  i n  d i f f e �
 
b o r e h o l e s  wh e r e  t h e  t y p e  o f  s t r il tum i s  t h e  s a m
e . 
2 5 0  
The 1 0 l J I  sulph a t e  con l e n l  o f  t h e  so i l  m a y  b e  o b l J i n c d  
b y  cxtract ion wi th hot  d i l u t c  hydroch l o r i c  acid, and is  
cxprcssed a s  the  perccnt.J g e  o f  SO) per  d ry weighl  o f  
soi l .  Soi ls  in which I h e  s u l p h J I C  is p r c s e n l  prc domi.  
natc ly a s  the low' s olubi l i l y  C il l c i u m  S J l t  a r c r c g J rded 
a s  potcnt ia l ly  less  dangerous t h a n  t h o s e  i n  which the  
s a m e  su lphate  l e:,c l  is  p r e s c n t  ou t in t h e  form o f  
sodium o r  mag nc sium s u l p h J t c s .  Wh c re t h e  to tJ I  
su lphato  l eve l  i s  h i g h  it i s  r c c o m m e n d e d  tha t  tho  
w a t c r·sol l lu le  su lphiltc  s h o u l d  bc d e t e r m i n e d  in a 
limi(e d  water  ex t rac t  to d i s t i n g u i s h  b c tw e e n  c a l cium 
su lpha t o  and tho mora s o l u b l e  s u l p h a t e s . I t  i s  imp­
o rt J n t to use the s p e cif ied r a t i o  o f  soil  t o  w a t e r  for  the 
init ial  cxtract ion even if  t h e  m e t h o d  o[ a n illysis  
s u bs equ ent ly requires  fu rt h c r  d i l u t i o n .  To o b t a in a n  
e x t r a c t  from vcry p l a s t i c  C l il Y  i t  is  n e C C S S :l ry t o  
incre a s c  the  amount  o f  e x t r a c t i o n  WJ t e r  f r o m  t h e  1 :  1 
ra t io  by weight of W J t e r  t o  s o i l r e c o m m e n d c d  in BS 
1 37 7 :  1 97 5  to a 2 : 1  ra t io  o f  w a t e r  t o  s o i l .  In e i t h e r  c a s e  
a lower c lJ ss ifica t ion o f  t h e  s i t e  m a y  b e  o b t a i n e d  by 
this l imited wil t c r  cxtrJC! m e t h o d  t h J n  by .u s i n g  t h e  
t o ta l  S O )  de termi n a tion.  M c t h o d s  o r  e x t r a c t io n  a n d  
s u b s e q u e n t  a n J lysis  a r c  g i v e n  i n  B R E  C u r r e n t  P a p c r  
2fl 9 .  T h e  concc n tra t ion o f  s u l p h il t e  f o u n d  in t h e  2 : 1  
extrac t  expressed i n  gil m a y  b e  u s c d  t o  c l J s s ify t h c  
s i t e  a s  shown in c o l u m n  3 o f  T a b l c  1 .  
I f  the  1 : 1 extract  rccomm e n d e d  i n  B S  1 377 : 1 97 5  i s  
u s e d  a diffcrcnt s er ies  o f  v a l u e s  are  r e q u ired t o  
c l a s s i fy the  s i t e-Ta b l e  2. In a few ca s e s  a di f ferent  
c l a s s i fica t ion may b e  o b t a i n e d  i f  b o th t h e  1 :  1 and 2:  1 
D ocum o n t l  rol&rrod to In t h o  t o x t  
B ri t I sh  S t andards  1 0 3 l i t u t!on 
as 1 2 : 1 97 8  OrdinJrY and r a pi d· h a r d e n i n g  P o rt l a n d  c e m e n t  
B S  1 4 5 :  1 973 Portland·bla s t lurn a c a  c e m e n t  
A P P E ND I X  I I . 1 ( B )  I CO 1 
m c t h o d s  a r e  c a rr ied o u t  on t h e  s a m e  sa m p l e . T h e  
c l a s s i fi c a t i o n  d c rived from t h e  2 :  1 ext rac t  s h ould  b e  
ch o s e n. 
I n t o r p r o t ll t i o n  o f  II n ll lyt i c a l  r e s u l t s  
T h e  r e s u l t s  o f  a l l  t h e  individu a l  chemi.c al a n a ly s e s  
s h o u l d  u t!  a V il i l il b l e  t o  t h e  e n g i n e e r  to  ass is t  h i m  in 
d e ci d i n g  o n  t h c  p r e c a u t ions  n e c e s s a ry.  ( (  c la s si l i c a ­
t i o n  i s  b il s c d  s o l e ly o n  t h e  ana lys is  of  g roundwa t e r s .  i t  
s h o u l d  c o r r e s p o n d  t o  t h e  hig h c s t  s u l pha t o  c o nc e n t r a ­
t i o n  r e c o r d c d .  I f  c l a s s i fi c a t ion is b a sed on the a n a ly s i s  
o f  o n ly a s m a l l  n u m b c r  o f  soi l  s a m p l e s  and t h e  r e s u l t s  
v a ry  w i d e l y, i t  m a y  b e  worth whi le  to t o k e  f u rt h e r  
s a m p l e s  for  a n a lys is .  
When a l a r g e r  n u m b e r  o f  r e s u l t s  a r e  ava i l a b l e  i t  i s  
s u g g e s t ed that  the  s i t e c l a ssif ica t ion should b e  b a s e d  
o n  t h e  m e a n  o f  t h e  h i g h e s t  20 p e r  cent  o f  t h e  r e s u l t s .  
W h e n  t h e  s o i l  s a m p l e s  h ave b e e n  combined b e fo r e  
a n a lys is  t h e  s e l e c t i o n  s h o uld b e  more s t r in g e n t. 
S i t o  






C o n c . n t r l t i o n  01 SO)  (gil) 
in 2: 1 �xrracr in 1 : 1  �xlra c( 
0 - 1 .0 
1 ·0 - 1 ·9 
1 ·9 - 3· 1 
3· 1 - 5·6 
over 5·6 
0 - 1 .0 
1 ·0 - 2 · 5  
2· 5  - 5·0 
5·0 - 1 0·0 
over 1 0·0 
OS 555:  1 97 2  Concre t e  cylin drica l pipe s Jnd fi l ling s including m o n h o l e s ,  
ins pection c h a m b e r s  a n d  s t r e e t  Q u l l i e s  
O S  882,  1 20 1 : 1 973 Aggre g a t e s  from n a t u r a l  s ou r c e s  ( o r  concre t o  { including 
g ranol i thic}  
B S  1 04 7 : 1 974 Air-cooled b l a s t l u r n a c o  s l a g  c o a r s e  a o g r e g a t e  l o r  c o n cre t o  
8 5  1 377 : 1 97 5  Methods o f  t e s t  lor soi l  l o r  civil  e n g i n e ering p u r p o s e s  
a s  3 8 92 : 1 9G5 Pulve r ise d·lu e l  A s h  l o r  u s e  i n  c o n cr e t e. A new 8S i s  i n  p r e pa r.:l t i o n. 
85 4 02 7 : 1 97 2  Sulphate·res is t ing P o rt l a n d  c e m e n t  
a s  4 2 4 5 : 1 974 Low h e a t  PortJ a n d · bl a s t lu r n a c e  c e m e n t  
8 S  4 2 .ul : 1 974 Supersulp h a t e d  c e m e n t  
C P  1 0 2 : 1 973 Prot e ction o f  bui ld i n g s  a g a i n s t  w a l e r  Irom t h e  g r o u n d  
C P  1 1 0 Tho structura l  u ' o  01  c o n c r a t e  
C P  2 00 1 : 1 957 Sito  invAstig a t i o n s  
B uilding R t l l l rch E . t . bl l . hm t n t 
O io o .t 222  Fill and h a rdco r o  
GUTT, W H a n d  HARRI SON, W H .  C h o m i c a l  r e s i , t a nc o  0 1  concr o t o ; O R E  Curre n t  
'P a p o r  CP 2 3n 7  
OOWLEY. M J.  As u lysis of  s u l p h a \ e · b e a r i n g  s o i l s  i n  which conc r e t o  i �  \ 0  b o  
ptacod.  8 R E  Current  P a p e r  CP 2f79. 
D e p o rt m e n t  of  the E nv i r o n m e n t  B u i l d i n g  R e s e il r ch E s t a b l i s h m e n t  
<D C,O wn Cop yrir;M IJ8 1 
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c )  C I R I A  S pe c i a l  l?u. b l i c a t i C>T1 
Typical exposure conditions 
NOIe Thc).(: C l po1urc condi�ionl cover n.alunJ cnvironmcnll only. I n  indultrial cnvironmcnu. concrete u n  tx clpo'....cd 10 J n n,e of more auten,vc rondit.ans. (01 clample corrosive cfnuc n u .  and m�y need 10 be: spccl�lIy protecte d . 
---ll��� 
L_l 
Ground level wdl above capill:Hy rise zone 
(a) Su �rrtruc1urt:S, 1.o.U.nd "  Ilb 0 risk of wind borDe ulLJ 
Recommended crmen t t)'� :.:.:: or �:-�.: 
For concrete cri t e ria , see T, ble  J J  
JJ 
k Recomme nded cnn ent type i.':!:i or � 
. , . . 
Forconcrete criteria , sce Table 1 3  
.: ::: : G round level WI t h I n  capillary nsc zone, ; : _ ; _: :  '.'; _ 
. - . - :.._.; say 3m or le!oS above watertable 
:....
� 
- - - _ 
. . 
_ . - Wa tertable 
(b) Supers-truc1orn, to :u-as  o( ultlhu, loland or near the coast , ex� to wlndboroe saJu 
/l i�  Recommended crm ent type r:::;<1 o r  szr.:::I For concrete criteri a .  see Table J J  
U Lt:::==� ==:l- Nolt:The recommendations [or th is e.\posure condition ma�e NO PROVISION [or protect ion (rom po tenti ally agg ressi ve soil conditions. Ex�ure condilions sho" .. Figure 6(d) should be assumed if it is believed that sueh protect ion might be needC1 
(e) Puts orstructures 10 cooLad with lbe soil, weU above apl113ry rl!;:e rone, Uld with NO risk of water lotroduced at the rnrface by Irriga tion or 





ce m :: n t  types 
� or � 
� o r  � 
For snpcrst:nJct1J.n: recommended cement types � or r.8 
For concrete criteria, see Table 1 3  
EJ.�ure condition For concrete criteri a  
se e Table 1 3  
Splash zone e(i) 
[nt ertidal rone e(li) L ':: c:::; or IllS Submerged lOne e(iii) For substructure: use recommendations 
given in Figure 6 (d) 
(e) Marine structu res (f) Water·�t.:Un1ng struc1ures 
C E M ENT TYPE 
W h e r e  resistance is n e e de d  against sulphate a l l ack , b u t  . Where improved resist3�ce is needed against chloride Induce<:! eol'T01ll 
ther:: is NO significant risks of chloride· induced . o f  the rei nforce ment . but there is N O  significant exposure to sulphatcl corrosion, S U L P H A  TE· R ES I STING CEMENT to BS , Ce ment with a medium to high C:-A con tent  is preferred. OPC or AST 
4027 or ASTM Type V (i .e . cc me n t  with a maximum f----,----. Type I usually have high C)A co.ntents  a n d  ASTM Type I I  usuall)' has 
C)A con te n t  of ).5 or 5.0%, respect ivciy gives be :ter . medium C�A content (but those specifications do not specify minimun 
protection. ! C)A contents. Sec Section 8.2.8). 
Colour k ey: !I1:::D !_�Iour �e� : . 
- - - - - - - - --_. - ------ - - - - - --_._- _ . _ - - - - --- _. , . Where resista nce is needed against both ruJplutt:! JU>d chlorlck:3 . concre t e  may 
need to be protected from the soil and groundwater with a waterproof membrJne 
o r  loWkiog,  and a compromise bas t o  be roade on the type o f  ccment u.scd. 
Generally.  a ccment containing a t  least  ).5% but not more than 9% C)A is 
: pre ferred. Each si :Ull uon should be considered on ils meriU. Se e  alw Sect ion 8,  I 
�h!��.�_� :_i n (o rmation on di rrc re�s of cement
. Colour key:  C'i.2 .J 
TI i E  I M P E R M E A B I L1 1l' O F TI I E  CONCR E"IT HAS MUCH M O R E  I N FL U E NCE TH A N TH E C E M E NT 1l'P E .  U N D E R  A L L  
C O N O tn O N S  O F  E X P O S U R E  
5 0  C I R I A  S[XClll  Publio t iQ 
(U)  
k'--- -I 11 \.: "'{, I , _{ I ,  \ I I r: I I c.::. 1 1  . I I • .t;---, I I . J� �� I I , • • 'J:';�J  
- - - - LJ - - - -,- -
-
-
- � -- - -
--=-- -: ""---- - -�-- - -- -- -
A P P E  'D I X  I I . 1 ( C )  I CO TT . 
Sur{Jee� (rom which "'J le r c\'J pOrJles Jre coloured 
bluc.  Under condilionl d( ii) 1 0  (iv) o{T.ble I),  salu J 
l ike ly 10 beco me eonCCn lfJled in Ihae Jre:u Jnd eXIrJ 
rroleCl ioll m�r be neeueu. 
Surf��c> ",he /� proleel ioll "" i l h  "'J le  rproof membrJnc 
or I"nkin!: i� Ju"i�ed unuer eonuiliom of �ibr.i{jc.:lnl 
eonlJminJlio n .  Jre eo loureu reu (,ee TJblc I J )  
III Dpilbl)' W � n'C 20ne '----R-e-i-n-fo-re-c-n-l-e-n-I-e-o-r-r-o-�-i o-Jn i� �:�:��:�e �pid in e����� - I I  - � ��. � which i, permJncn l l), � J I U(Jleu:  ee menl l)'pe is -t U 
reeommended (or expo>u res d(ii) Jnd  d (iv) in Ih� siluJlion 
Recommend ed I Soil Jnd &round\\,Jler eonuil ion.'" I For eonere l e cri l e n , .  cemenl  typo >ce TJblc iJ  
vr Fr("c Crl.l I l 1  �'1;l\i(t�l n t  ('U111: 1 I111 1 ):11 i" ) I I " I uri) 
S i�l I i ficJ Il I  >ullJ h � l l"  eVII\Jl l l i l 1 � l ioll 1.1111)' u ( i i )  
o r  S i&n i fionl  ehluriu� eOIlI:"ll i l1�l ion only d(iii) 
S l�ni{jo ll \  eOI1 \� ,"in Jtiun wilh hUlh >ull'h J l c >  u(i\') 
JnJ dlillritk. I 
P:lru ui .structurcl in l"Ul1t:lct 'l"j t h  �uil " ' i t h i l l  l i lt: OPi l lurl ri..,c 7.U11C I UclllW J..:.ruunu \\';I (l.:r  kve l l  ur where w::.a ter I I I'), lJe i ll truuueeu Jt the .urf",e Il)' irr;!;:! t iul I ,  u;>eil J r � c  uC ,..:u l o ,  w:c.hi ll& U O ,..II, ele. 
SoteLo 0 )  Fill , n d  m,ue·up Eround "i,loin 
orillory me LOne ,,·il l  loeh l/oe >H 
level or l.;'nnt�O\irus.juu .1.) 1.b.c 
�urruumJin� lOU. 
e:) U H [ O ir:c>I 250 .Du CI' I I U p.Jc 
wih .l nu r-rU\lnd .... �ICf 1..0 rwe ltcp" c 
l.ulph.JIC concc.ntr"ltH)n: o.�� 10111  
)u IJlh�l� ur I .t?r.'l in � J )uil "'":. " ,  
(,X I r.:lCI. 
I). OJn� clc , cu ).J�nl(janl. 
TIlcrc u nu .,." tlclr .lcrrrtcu \;c;'" ... · l\lj 
the c.onccnlnlioD II ... ·ruch chJur lJc 
lx:cumc )i':'H.lCianl in �il or 
puunJw;aIU. bUl luwlcl.l ( lo pc n e " (  
W Ille Gulr rc�ion w�o.u It ml!" b <  
;J) It,,,· :u 0.U5 ':C. .  pJ.nlC\.II,�rh· ln 
)Jlu.Jliuu.) wh�rc l .. .ltcrn:lIc "�!l inf ;l 
ur,..n .  01 opllhrr rue .1fe" lloe 
CUIlt:lCIC. 
T:l b l c  1 3  Curren t /oc;:;/ critcri;:; for reinforced concrete in the G u/f region 
Spcci fiCJliom curn:J1tlr in u.c in the Gulf rq;ion for :l wiJc r:lIl Gl' of builJin& JIlU civil cnbinccrin�  worb Jf:rcc re:l>onJbJ), well  on �nbo {or 
minimum ccmenl  conlcnl .  mJximum \\"�I,r/c,OI, nt r� l io .  �nu minimum co,'e r to rcin{orccmenl .  RJnbn o { \'JJue� typiCJI of the�e 5pcci [jeJtion� Jrc 
[;I" cn he re fur Ihe rnform:l t ion of t i le  u�er whu n,etb 10 �J1�df)' l im;l. Jppc<'pri:lIe III till: p:lrti,ubr cnvirunment .  expo�urc . Jnu uperJ I;"nJI 
cunJition •. Lrd uflong.lerm nf":flClh'" preduJo " 'J l. illt �rccific rewl l l l l l�IIJ:Ol iull> ill l ! > i, Guiuc. 
EXI'OSU)ZE CONDlnONS 
I N D I CATED I N FI G U llE 
6(J) to (n (Loal 'pecific.Jlioru 
do not di�l inbuish between :111 of 
these c.ondit lom.) 
J 
b 
e (i) to (iv) I 
d (i) 
(i i)  o r  (iv) 
(jii) 
e (il 1 0  (ii i)  
r 
Sutn: 
MilllffiUlll CC IIH:1l1  contt:nl  
for  20 mill  JGbre � a l o  
{kr;lm" )' " 
300 10 3::!O 
320 
3::!O 1 0  350 
JOO 10 J::!O 
)�O lu -lW" 
Il,\ N G E  OF S P ECI FI CA n O N  U M ITI 
M ;l).i l 1lUUl w;ltcI".:c: nu:nl 
r;! lH,J1 l I 
0.5::! 10 0.5U 
0.50 
U.50 10 0.�5 
0.50 
tJ.50 II I  t J .4:!'" 
A uJilionJI 
requiremen t.'" 
N O N E  . 
N O N E  
N O N E  
N O N E  
Tallki l ll/ 
llIemlJ�ncl" 
1'101 ,cpJralcly me n l iuned in spccific.:1lillm: t r
e
:1 1  JS u ( ii) to (iv) 
)70 1 0  -100 O.�.� 1 0  (l . •  t:! N O N E  
·H)(), ·' 0.50' " N O N E'" 
ClItcri:l rl1e  ul t lc illfon:c:J ,:ul1ctclt: J�, nul Jirh,"r }uhst:.tllli:alh (HIII1  tl ... :H' rcqu, ":ul\: 1 I 1 ),  . 




·W to 5U 
40 10 5U 
4U l u  .\U 
75 10 1 00  
-l \J'  " 
... n,c widc r;"lI¢c o( 111l:�c r l': t IUII,",cnl�  ft ..nt:d" ti ll.," r;IIl�\.· \ I f  '� II'''':' l c conl"cnlr:al l l l l l�  1 1 1 1 1 1(,: �lId I I '  J,: r l l u I IUw:l I l."r .  hUI I :J \. n  no ;JCCClUlll l� chlor!Jc nlnl."c ntr" ivn. (111(0 rl \ �  Icych u f  ) ll;n.t j�Jltl �ulph.Jlc l"unu:"lr� I "JII JJ"'f'lH:J 1 1 1  U I l L:.  Oll,;l':l\ �U .:wJ CI' 1 1t I .Jl\.' u�t'J 1I1 10t: .. 1I )l '('·�l rjcHIUII� . )  ()CC I\dl"tcn�o _.ti J Uc..I ... 1.J) .  
J Tl, i )  illivfJ11 J l ivn i) t .J l C: 1I ( tum u n c  h ..... · J I  )r�,i[I�:J l i u l 1  unly. 
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CI RIA Speci"1 Publio l,,,n ) 1 
Rccom me nu ed I cemenl  lYPCI 
ur 
or 
A P P E ,  'D I X I I . 1 ( C )  I CO TT . 
5urbce� (rom which \';Jl c r  e\'JporJlcs Jrc coloured 
blue . Under condilionl  d(ii) 10 ( jy) orT.ble 13,  �41ll J 
l ikely 10 become conCcnlrJled in Ihoe Jrc :u Jnd eX lr 
pro l ecl ion m �l' be needed.  
S u rf��c> ,..her.: pro lcct ion "" i lh "'J l e rproo( mem brJnd 
or l Jnk int i� Jd\'iseu unuer eon d i l iom of li.r.ifiCJn l 
eontJminJ lion , Jre co loure d red (lee TJblc IJ)  
nr <?,pi I I  Jf)' L-________ --'� (I" lone �------------------� � = �  
R e i n (orcemenl  corrosion is  un l i ke ly 10 be npid in concre le  
",hicIl is permJncnll), SJ lurJ led:  eemenl lypc is 
reeommendcd (or cApolures d(ii) Jnd d (iv) i n  lh� l i lUJl ion 
Soil Jnu &rOUnd"'J l e r  condi l iom' " I Fur concrele Cri l e n J ,  ,\'Ul(J: ( I )  Fill ,nd mlue·up �round .,,;t"in orillar)" ri� tont "" ill ,cJch the Urt level or ..:onl;z.miruLiuu u lJ.l.c 
�urruuIHJinr. wil. 
lec TJbJc I J  
Free frlllll )'1;ntfl�1I11 t.:ulu:l J l I i l l:l t iuI1I/1 d(i) 
Si);nific;lIll )ulJ.lh�I'· cUl l l� l \ I i l l� l ion ulll)' d(i iJ  
S it;n ifion l cltlorid� eunl:tlll i l l � l i o n  Qnll' d(i i iJ  
SI[:ni fiolll eUlll""lIn� lion wilh bUilt  >uIJllt�lc> d(i\') 
JnJ eltillridn I 
ld ) l':Iru u.( s truct u re') in l'UU!::'CI  \ddt )uil w i t l l i n  (be: o pillury rL.,c 7.U l l C  I lid" ',\' J,:ru u l l u  w:l (cr  l c: " c l l  ur where ",;.a l e r  
I l l'), Ue i l l lrou ucnJ J1 II I,  lu rf"ec hy irril::ll iul l ,  ui)chJrl:C uf 1I':u1<:> , w:cohil ll:  duwn , d e .  
(�) U I.l E l)i�ol 250 l O U  C)' I IO p>uc 
Wlh Jnu r-rUunc.lv.")lcr 11I rive l lqu � 
lulph�'c c.onccnln. L.on.: 0.::':; 1 0 l J I  
}.ulph:ll� ur 1.l?r.1l in �.J ),Uil ";�l c r  ("J.HUI I), cuns..iUc(cu l-I�",(jo.nt. il lere i� nu .... ;ucJ,. :Jccrr1cu \;c",· ,,� 
Ille c.unccnlnlioo :u ... ·hieh ChJr.HIJC 
l>cl-umc li�u£jCJ..D1 in wiJ or 
f r�lUndw:llcr. but JU-WlcU e.1pcricnc 
HI the Gull  rq:ion l-Ur-f-OLJ " m.l�·I� 
;a h,,,,· :u 0.05 ':<. ,  p:lnIClJbrl," ,n 
).JtIJ::Iliull.) where 1.ltern:llc "':cl1 ln� :l 
clr)'ln� or apilUrr rue ;,lIeCl I"c 
eUIlClele.  
TZl b i c  1 3  Curren t /ocoi cri(cr;o for reinforced concrete in th e Gulf rcgion 
5pccificJlium currellll), ill u�e in lhe G ulf rq;ion (or � \\'iJ c rJI lr..: o f  bu i lJi n& �IlU civil cnginccrint: ","orb Jf-rec rc;uollJbl)' well on [;lnbo (or 
minimum eemenl eonlen l .  maximum II'Jlcrfccnlc n l  rJ l io,  JnL! minimum CU\'cr t o  re inforcemenl.  RJn&n o( \'J IUcl l),pieJI or lhc�c speciricJliom Jre 
&"'cn here (ur lite tn(orm;llion Q f  Ihe u�cr wltu n .. cd� 10 �I'c .. i f)' li lll i l l  �Jlpr,'pri � I C  III lite pan i.:u J:.r e nvirunmenl , cxpulure , �IlJ u pcrJ liQnJI 
cun di liu",. wek uf lonb·lerlll opcrieJlc'c prcduJo 1Il�1. ill!; 'pccific rcc.ol111IlCJlJ:&l iull>  ill ll.i> G u i d c .  
EXI'OSUltE CONDITI ONS I tA N G E  O F  S P ECI FI CA TI O N  U M ITS 
I N D I CATED II': FI G U ItE 
M i lllmuul CCJI"ll.: l l t  c o n l e n l  M:.l)'I I11UJll w:IlCr/ccnlcnt Addi lion:.1 Minimum eO\'er for 6(a) 10 (f) (LoC.J1 >pceifica l i oru 
do nol di�lintuislt be lwccn �II o( (ur 20 III III  JLbrc p l o  r�I)l.JI I ' rcquircmenl�' "  rein(oreemenl (mOl) 
tltese condilion�.) (\.[;fm
.')'" 
J )()(J 10 J20 U.52 \0 0.5U N O N E  JO 
b 320 0.50 N O N E  4 U  
c ( i )  10 (iv) I 320 10 )5U U.50 III 0.45 N O N E  4 0 10 .'oU 
d (i) Joo 1 0  J20 U.5U N O N E  40 l U  50 
(i i)  or ( iv)  J:::U I U  � w :, lJ . .5(1 I" lJ.4:!'" T:'I1l.:i I li/ 4 U  lu .'oU 
rnclnbr:lnc':' 
(iii) NUl lep�r"lcly I llcnli\Jncu in Ip�ci(je� lions:  I re � 1 JS u (i i) 10 (iv) 
e (i) 1 0  (iii) J70 1 0  �OO 0.45 1 0  0.·1 2  N O N E  7.5 1 0  1 00  
f 4 0 "  lJ • •  \(r " N O N E'" 4U'" 
CrJlcri.J. rur \Jllfc ill(lIf(CJ �Ullctctl.· U\I nul Ji ((\.·, �u ll !o t:,"'t i:,dh ("JIll  tllt:H' rCljuirCII H:llh . 
... n,e , .... de r�fI�t: of I h\.:�c: Icqul1 cn,cnl� I C.-nnt\  \I",: r;Hl�\.· \ I f  '� ll'h) IC cnm,·C I1I r;l I lOIl\ \11 t i ll" )11 11 I t ,  J,: f t l U III.J \\":� t c r . h u t  l � L t:) no ;lccounl \�rclilar!Jc cunanl rJ l iun. (nl(' (1 \ ''­
level) u{ u,ndJ�JIH lu lphJ 1C cum:CIlIf."lvU JJ�lrlcu I I I  U I l L: DIt;":H �U JIIU (I' l l tl .Jll· u�cJ  I I I I��JI )pl·( l rll:Jl I t l l l) . )  ()ct: Hdcr c:n..:o � : lII U  .. "I) .  
,:\ Thi) II1{vfll1:.Jllvn I �  i :J1.. cll (runl un! h " .J 1  )pcl"i{i�:" l iulI ulll� . 
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APPEND I X  V . 1 : 
A )  C O D1pl..l. t e r P r og r am L i s t . 
:8 )  Compl..l. t e r  P r og r aD1 Va r i ab l e s . 
C ) I npl..l. t D a t a f o r  We l l  No . 7 and 
We l l  No . 1 4 . 
D )  CO D1pl..l. t e r  Ol..l. t pu.. t f o r  We l l  No . 7 .  
E ) Compu.. t e r  Ol..l. t Pl..l. t f o r  We l l  No . 1 4 . 
NO X V _  1 
A )  o mp"l.1 r g r am L i s t  
CLS 
PRINT ' G ROUND 'ATER KOD&LING '  
PRINT " NON - STEADY GROUND ATER FLOW' 
PRINT ' EXPLIC IT  F IN ITE D I FFERENCES ' 
PRINT • HOKOGENESUS I SORTROP IC "  
PR I NT  " REGULAR K ESH ' 
OPEN ' DATA . DAT" FOR INPUT AS 1 1  ' TO INPUT DATA 
OPEN " DATA . I NT'  FOR INPUT AS #2 TO I NPUT LAST I N I T I AL COND ITIONS 
OPEN " HEAD . OUT FOR OUTPUT AS # 3  ' TO PRINT OUTPUT RESULTS 
OHN XYH . OUT' FOR OUTPUT A S  #4 ' PREPARE OUTPUT FOR S URFER PROGRAK 
RE SETTI NG THE MESH 
! PUT # 1 ,  X, NY 
I F  NX ) :  NY  TH EN N : NX t 1 
I F  NY : NX THEN N : NY  1 
01 X (  ) ,  Y ( N ) , H ( N ,  N ) ,  A ( N ) ,  B ( N ) ,  C ( N ) ,  D ( N )  
0 1  BN ! N ,  N ) ,  P I N ,  N ) ,  I P ( N ,  N ) ,  P H l ( N ,  N ) ,  P H 2 ( N ,  N )  
I PUT 1 1 ,  N 
FOR K : 1 TO NW 
INPUT # 1 , I ,  J ,  P ( I ,  J )  
I F ( I ,  J ) : 1 :  
NKXT K 
I NPUT # 1 ,  KX , KY 
INPUT # 1 ,  S 
INPUT # I , W 
INPUT # 1 ,  X T ,  YT 
RE THE Y - COORD I ATE FOR THE I MPERVIOUS BOUNDARIES  
OX : XT I ( NX - 1 ) :  DY : YT I ( NY - 1 )  
FOR I : 1 TO NX : X (  1 )  : OX * ( I  - 1 ) :  N EXT I 
FOR J : 1 TO N Y :  Y ( J )  : DY * ( J  - I ) :  NEXT J 
RE � J t % l t � f t * * * * l * * * t * * � * * * t * t * * * * � * * * t t * * * * * * * * * * * * * * * * * * *  
REM S ETTING T H E  BOUNDARY COND ITIONS 
REM l t * t * ' * f * t * * t * t * * * * * t * * t t * * * * * * * * * * * � * * * * � * * * * � * * t * * * * * *  
I NPU I I ,  S I ,  S 2 ,  S 3 , S 4  
FOR [ : 1 T O  HX : FOR J : 1 T O  N Y  
H ( I ,  J )  : S I  
H ( N X ,  J )  : S 2 :  
H ( I ,  I ) : S 3  
A ( I ,  NY ) : S 4  
N E X  J :  NEXT I 
P RI NT # 3 , " K  ( I N K /B  - S . I . UN I TS ) I N X - D I RECTION : " ;  KX 
PRINT # 3 , ' K  ( IN MIH - S . I . UN I TS ) I N  Y - D I RECTION : " ;  KY 
PRINT # 3 , STORATIVITY : " ;  S 
PRINT # 3 , ' I N F I LTRATION RATE I N  K I H  - S . I . UN ITS  : " ; W 
PRINT # 3 , : PRINT # 3 , 
RE * l * � * t * * * * * * * * * * * * t * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
R E  CALCULATING T H E  IN IT IAL  COND ITION 
RE t * * t * � * t * * * * * * * * * ' * * l t * * * * * * * * * t * * * * * * * * * * * * * * * * * * * * * * * *  
HH  : O !  
I NPUT J 2 ,  N N X ,  NNY 
I F  N X : NX AND NNY : NY THEN 
FOR I : 2 TO NX - I :  FOR J : 2 TO NY - 1 
I PUT # 2 ,  H ( I ,  J )  
EXT : NKX 
ELSE 
OR I : 2 0 X - I : FO J :  2 TO Y - I 
I F  S I  ) :  S 2  H E  H ( I ,  J )  : S 2  ( S I  - S2 ) * ( NI - I )  / ( NX - 1 ) 
I F  S I  ( S 2 H EN H ( I ,  J )  : S I  ( S 2 - S I ) * ( I  - 1 )  / ( X - I ) 
I F  H ( I ,  J )  ) 8H THKN HH : H ( I ,  J )  
NEXT J :  HEX I 
g O l F 
FOR I : 2 TO HX - 1 :  FOR J : 2 TO NY - 1 
I F  H ( I ,  J )  ) HH THEN HH : H ( I ,  J )  
NEXT J :  EXT I 
TT : O !  
REK CALCULATING THE H -VALUE AT EACH NOO& 
LOCATE I I ,  1 :  PRI T ' STEAOY STATK 
ITER : O !  
, 
START STEADY STATE 
DO 
O IFKAX : O !  
TX : KX * HH : TY : KY * HH 
T : ( TX t TY ) / 2 
DTT : ( ( S  * ox * OX * OY * OY ) / ( 2  * T * ( ( OX * OX ) ( OY l OY ) ) ) )  
FOR I : 2 TO N I  - 1 :  FOR J : 2 TO NY - 1 
REK H ( I ,  0 )  : H ( r ,  2 ) : REK H ( I ,  NY t 1 )  : H ( I ,  NY - 1 )  
TX : KX * H ( I ,  J ) :  rY : KY * H ( I ,  J )  
T : ( TX 1 TY ) / 2 
A : H ( I  t I ,  J )  - 2 * ( H ( I . J ) )  t H ( I  - I ,  J )  
B :  H ( I ,  J t 1 )  - 2 * ( H ( I ,  J ) )  t H ( I ,  J - 1 )  
TEST : HN ( I ,  J )  
· 1 \ A )  I C O .  'T . 
H N ( I ,  J )  : ( ( ( TX , A )  / ( OX * OX ) )  ( ( TV * B )  / ( OY * OY ) )  W )  * ( OTT / S )  H ( I ,  J )  
I F  I P O ,  J ) : THEN H P l ( I .  J )  : H N ( I ,  J )  
O I F : ABS ( TEST - H ( I ,  J ) )  
F O I F  ) O I FKAX THE O I F  AI : O I F  
E XT  J :  N EXT I 
TT : TT D T  
ITER : ITER t 1 
LOCA E 1 1 ,  1 5  
PRI I TER ,  O I FKAI  
FOR  I : 2 TO  NX - I :  FOR  J : 2 TO  NV - 1 
H ( I ,  J )  : HN ( I ,  J )  
NEXT J :  N EXT I 
LOOP H ILE  O IFKAX ) . 0 0 1  
P R I  7 ' 3 , ' TH I S  I S  THE I N IT IAL  CONOTION 
PRL T 1 3 1 " It ; 
FOR I : 1 0 NX : PRINT ' 3 , U S I NG " H H H" ; I ;  : NEXT : PRINT ' 3 ,  • • 
PRI T ' 3 ,  U S ING  H U' ; 1 ;  
PRINT 1 3 , • ' ; 
FOR J : NY TO 1 STgp - 1 :  FOR I : 1 TO NX 
PRINT , Z , US ING  ' " , . '  ; H ( I , J ) ;  
P R I NT  ' 3 ,  • ' ; 
I F  I : NI AND J ( )  1 THEN 
PRINT ' 3 , • 
PRI T ' 3 , US ING  " t t l l " ; 2 NY - J ;  
PRIIlT ' 3 , ' ; 
Ell D 1(1 
NEXT : NEXT 
CLOSE ( 2 )  
OPEN " D ATA . I NT'  FOR OUTPUT A S  ' 2  
PRINT ' 2 ,  NX , NY 
FOR I : 2 TO HX - 1 :  FOR J : 2 TO NY - 1 
PRI T ' 2 ,  H ( I ,  J )  
�EXT : NEXT 
CLO S E  ( 2 )  
, 
, 
STAR NO - STEADY S ATE 
LOCATE 1 3 ,  I :  PRIN " ON STAEOY STATE" 
ITER : O !  
DO 
OIFKAX : O !  
T1 : KX * H B :  TY : Y * R R  
T : ( TX TY I / 2 
OTT : ( (  S * ox * OX * OY * OY I / ( 2  * T * ( (  ox * ox I t ( OY * OY 1 1 1 1  
OTT : OTT 
FOR I : 2 TO NX - I :  FOR J : 2 TO NY - I 
RE B ( I ,  0 )  : H ( I ,  2 ) : RE H ( I ,  NY 1 1 : H ( I ,  NY - I )  
TX : KX t H ( I ,  J ) :  TY : K Y * R ( I ,  J ) :  T : ( TX TY ) / 2 
A : H ( I  I , J ) - 2 * ( H ( I , J ) 1  R ( I - l , J ) 
B :  H ( l ,  J 1 )  - 2 * ( H ( I ,  J I )  t H ( I ,  J - 1 ) 
· 1 ( A )  I CO:-.lT . 
TEST : R N ( I ,  J )  
HN ( I ,  J )  : ( ( ( TX * A l  / ( OX * O X I I t ( ( TY * B )  / ( OY * O Y I ) t W )  * ( OTT / S )  H ( I , J I  
I F  I P ( I ,  J )  : I THEN 
H N ( I ,  J )  : RN ( I ,  J I  - QP ( I ,  J I  / ( OX * OY ) * ( OTT / S I  
H P2 ( I ,  J )  : HN ( I ,  J I  
END I F  
O I F : A B S ( TEST - HN ( I ,  J l I 
I F  O I F  > O IFKAX THEN O I FKAX : O I F  
NEXT J :  N EXT  I 
TT : TT t OTT 
ITER : ITER 1 
OTKI N  : OTT * 6 0  
TTKI N  : TT * 6 0  
LOCATE 1 4 , 1 
PRINT ITER ;  " T I KE  STEP " ;  OTK IN ;  " " ;  " T IKE  : " ; TTM I N ; " : O IFKAX : " ;  
PRINT U S ING " . " " ' " ; O I FKAX 
FOR I : 2 TO NX  - 1 :  FOR J : 2 TO NY - 1 
H ( I ,  J )  : HN ( I ,  J )  
NEXT J :  EXT I 
LOOP R I LE OI FKAI > . 0 0 1  ANO TTK I N  < ENOT 
A ' : " " , I I I "  
PRINT ' 3 , : PRINT ' 3 , 
PRINT 1 3 ,  ITER ;  " T I KE  STEP ' ;  OTK I N ; " " ;  " T I KE  : " ; TTKI N ;  " O IFKAX = " ; 
PRINT ' 3 , USING  " , , " " " " " ; O I FKAI 
PRINT ' 3 , '  " ;  
FOR I : 1 TO NI :  PRIN ' 3 , US ING  " ' ' ' ' ' ' " ; I ;  : NEXT : PRINT ' 3 , " " 
PRINT 1 3 , USING  " " " ' 1 ;  
PRIN 1 3 ,  ; 
FOR J : NY TO 1 STEP - I :  FOR I : 1 TO NX  
PRINT  ' 3 , US ING  t t l , , " ;  H ( I ,  J I ;  
PRINT 1 3 , ; 
I F  I : NX A 0 J < )  1 THEN 
PRINT 1 3 ,  " 
PRINT ' 3 , USING " f l U" ; 2 t NY - J ;  
PRINT 1 3 , " ; 
E 0 I F  
NEXT : N EXT 
PRINT ' 3 ,  : PRINT # 3 , : NP  : 0 
FOR I : 1 TO N X :  FOR J : I TO NY 
XXX : OX * ( I  - 1 )  
YYY : OY * ( J  - I )  
PRINT H ,  XXX , YYY , H ( I ,  J )  
I F  I P ( I ,  J )  : 1 THEN 
H P  : NP + 1 
PRINT ' 3 ,  " PUMP NO : " ;  NP ; " " ;  " : X : " ;  I ;  " " ;  " : Y : " ;  J ;  
PRINT ' 3 , : PUKPING RATE : " ; p ( I ,  J ) ; " : ORA'�OO\iN : " ;  H P I ( I ,  J )  - H P 2 ( I ,  J ) ;  " .  
END I P  
NEXT : NEXT 
END 
) 
H ( i , j )  
H .  ' (  i \ j ) 
' y  
A 
B 
Q p ( i , j )  
K x  
K y  
S 
w 
S l  
S 2  
S 3  
S 4  
T x  
T y  
DTT 
TT 
ND I X  V _  
o rnp-u. r o g r  rn V r i ab l e s  
T h e  p i e z o me t r i c  h e a d  a t  ( i ,  j ) .  ( m )  
T h e  n e w  p i e z o m e t r i c  h e a d  P. t ( i ,  j ) .  ( m )  
o .  o f  n o d e s  i n  � - d i r e c t i o n . 
o .  o f  n o d e s  i n  V - d i r e c t i o n . 
T e mp o r a r y  c o n s t a n t = h ( i + l , j ) - 2 * ( h ( i , j ) + h ( i - l , j ) ) .  
T e mp o r a r y  c o n s t a n t = h ( i j + l ) - 2 * ( h ( i , j ) + h ( i , j + l ) ) .  
P u m p i n g r a t e . ( m
3
/ h ) 
H y d r a u l i c c o n d u c t i v i t y i n  X - d i r e c t i o n .  ( m / h ) 
H y d r a u l i c c o n d u c t i v i t y i n  V - d i r e c t i o n . ( m / h ) 
S t o r a g e  c o e f f i c i e n t . 
I n f i l t r a t i o n r a t e . ( m / h ) 
B o u n d a r y  c o n d i t i o n ( c o n s t . h e a d ) @  l e f t s i d e . ( m )  
B o u n d a r y  c o n d i t i o n ( c o n s t . h e a d ) @  r i g h t s i d e .  ( m )  
B o u n d a r y  c o n d i t i o n ( c o n s t . h e a d ) @  t o p s i d e .  ( m )  
B o u n d a r y  c o n d i t i o n ( c o n s t . h e a d ) @  b o t t o m s i d e . ( m )  
T r a n s m i s s i v i t y c o e f f i c i e n t  i n  X - d i r e c t i o n .  
T r a n s m i s s i v i t y  c o e f f i c i e n t  i n  V - d i r e c t i o n . 
T i m e s t e p .  ( h )  
A c t u a l t i me i , e . , s u m o f  DTT . ( h )  
D i f  D i f f e r e n c e  b e t we e n  H ( i , j )  & H N ( i , j ) .  
D I F M A X  M a x . d i f f .  b e t we e n  H ( i j )  & H ( i  j )  i n  a l l a r e a . 
H P l ( i , j )  T o  k e e p  p i e z o m . p r e s . @ p u m p  n o d e  b e f o r e  p u mp i n g .  
H P 2 ( i , j )  T o  k e e p  p i e z o m . p r e s . @ p u m p  n o d e  a f t e r  p u mp i n g . 
A 
C )  
N D  X V _ 1 
I Tl. p l..l. t D a t a  o r  "W" e 1 1  N o _ 
a Tl. d  "W" 1 1 N o  _ 1 4-





, 1 7 , 1 9 , 9 2 1 . 0 , . 0 0 5  . 0 0 5 , . 0 0 0 0 0 0 3 , 0 . 0 , 1 6 0 0 0 , 1 6 0 0 0 , 1 0 0 , 2 0 0 1 7 5 , 1 7 5  
, 1 7 N X , N Y  
9 9 
2 1 . 0 0 
. 0 0 5 , . 0 0 5  
. 0 0 0 0 0 0 3  
0 . 0  
1 6 0 0 0 , 1 6 0 0 0  
1 0 0 , 2 0 0 , 1 7 5 , 1 7 5 
NUMB E R  O F  WE E L S  
I , J  O F  WE L L  M U M B E R  7 
P U M P I NG RATE 
C O F F I C I E NT OF COND I CT I V I TY 
S TORAT I V I TY 
I N F I L TRAT I O  RATE 
D I M E NT I ON I N  X , Y  D I R E CT I ON 
WAT E R  L E V E L  L F FT , R I GHT , BOTTOM , TO P  
WE L L  O .  1 4  DATA 
- - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - -
1 7 , 1 7 , 1 , 8 , 1 3 , 2 2 . 2 ,  . 0 0 5 , . 0 0 5 , . 0 0 0 0 0 0 3  0 . 0 , 1 6 0 0 0 , 1 6 0 0 0 , 1 0 0 , 2 0 0 , 1 7 5 , 1 7 5  
1 7 , 1 7 NX , NY 
1 UMB E R  O F  WE E L S  
8 , 1 3  
2 2 . 2  
. 0 0 5 , . 0 0 5  
. 0 0 0 0 0 0 3  
0 . 0  
1 6 0 0 0 , 1 6 0 0 0  
1 0 0 , 2 0 0 , 1 7 5 , 1 7 5  
I , J O F  WE L L  M U M B E R  1 4  
PUM P I NG RAT E 
CO F F I C I EN T  O F  COND I CT I V I TY 
S TORAT I V I TY 
I N F I L TRAT I ON RATE 
D I M E N T I ON I N  X , Y  D I R E C T I ON 
WAT E R  L E V E L  L F FT , R I GH T , BOTTOM , TO P  
N D I X  V _  1 
( I N  IH - S . I . UN ITS j I N X - D I RECTION : 
K ( I N K / H  - S . T  . UN ITS j I N Y - D I RECTION : 
S ORATIVITY 
I F I LTRATIO RATE IN /H - S . I . UN ITS 
TH I S  IS  THE I N I T I AL CONDTION 
. 0 05  
. 0 0 5  
. 0 0 0000 3  
o 
1 2 3 4 5 6 7 8 9 1 0  1 1  1 2  1 3  1 4  1 5  1 6  1 7  
1 1 00 . 0  1 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 , 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  
2 1 0 0 . 0 1 3 7 . 9 1 5 3 . 2 1 6 0 . 6 1 6 4 . 8 1 6 7 . 6 1 6 9 . 6 1 7 1 . 1 1 7 2 . 4 1 7 3 . 5 1 7 4 , 7  1 7 5 . 8  1 7 7 . 1 1 7 8 . 9 1 8 1 . 7 1 8 7 . 1 200 . 0  
3 1 00 . 0 1 2 3 . 5 1 3 9 . 2 1 4 9 . 3 1 5 6 . 1 1 6 0 . 9 1 6 4 . 5 1 6 7 . 5 1 6 9 . 9 1 7 2 . 1  1 7 4 . 3  1 7 6 . 4 1 7 8 . 8 1 8 1 . 8 1 8 5 . 8 1 9 1 . 6  200 . 0  
4 1 0 0 , 0 1 1 7 . 0 1 3 0 . 8 1 4 1 . 4 1 4 9 . 3 1 5 5 . 4 1 6 0 . 3 1 6 4 . 3 1 6 7 . 7 1 7 0 . 8 1 7 3 . 8 1 7 6 . 8 1 8 0 . 0 1 8 3 . 6 1 8 8 . 1 1 9 3 . 5 200 . 0  
5 1 0 0 . 0 1 1 3 . 6 1 2 5 . 8 1 3 6 . 0 1 4 4 . 3 1 5 1 . 1 1 5 6 . 8 1 6 1 . 6  1 6 5 . 9  1 6 9 . 7  1 7 3 . 3  1 7 6 . 9  1 8 0 . 7  1 8 4 , 7  1 8 9 . 3  1 9 4 . 4  200 . 0  
6 1 0 0 . 0  I l l .  1 2 2 . 7 1 3 2 . 5 1 4 0 . 9 1 4 8 . 1 1 5 4 . 2 1 5 9 . 6 1 6 4 . 4 1 6 8 . 8 1 7 2 . 9 1 7 6 . 9  1 8 1 . 0  1 85 . 4  1 8 9 , 9 1 9 4 . 9 200 . 0  
1 00 . 0  1 1 0 .  1 2 0 , 9 1 3 0 . 3 1 3 8 . 6 1 4 6 . 0 1 5 2 . 5 1 5 8 . 2 1 6 3 . 3 1 6 8 . 1 1 7 2 . 5 1 7 6 . 9  1 8 1 . 2  1 8 5 . 7  1 9 0 . 3  1 9 5 . 1  200 . 0  
8 1 00 . 0 1 1 0 . 2 1 1 9 . 9 1 2 9 , 1 1 3 7 . 3 1 4 4 . 8 1 5 1 . 4 1 5 7 . 3 1 6 2 . 7  1 6 7 . 6  1 7 2 . 3  1 7 6 . 8  1 8 1 . 3  1 8 5 . 8  1 9 0 . 4  1 9 5 . 2 200 . 0  
9 1 0 0 . 0 1 1 0 . 0 1 1 9 . 6 1 2 8 . 7 1 3 6 . 9 1 4 4 . 4 1 5 1 . 1 1 5 7 . 1 1 6 2 . 5 1 6 7 . 5  1 7 2 . 2  1 7 6 . 8 1 8 1 . 3 1 8 5 . 9 1 9 0 . 5 1 9 5 . 2 2 00 . 0  
1 0 1 0 0 . 0 1 1 0 . 2 1 1 9 . 9 1 2 9 . 1 1 3 7 . 3 1 4 4 . 8 1 5 1 . 4  1 5 7 . 3  1 6 2 , 7  1 6 7 . 6  1 7 2 , 3  1 7 6 . 8  1 8 1 . 3  1 8 5 . 8  1 9 0 . 4  1 9 5 . 2 2 00 . 0  
1 1  1 0 0 . 0  1 1 0 . 7  1 2 0 . 9  1 3 0 . 3  1 3 8 . 6  1 4 6 . 0  1 5 2 . 5  1 5 8 . 2  1 6 3 . 3  1 6 8 . 1  1 7 2 . 5  1 7 6 . 9  1 8 1 . 2  1 8 5 . 7  1 9 0 . 3  1 9 5 . 1  200 . 0  
1 2 1 0 0 . 0 1 1 1 . 8  1 2 2 . 7 1 3 2 . 5 1 4 0 . 9 1 4 8 . 1 1 5 4 , 2 1 5 9 . 6 1 6 4 , 4 1 6 8 . 8 1 7 2 . 9 1 7 6 . 9  1 8 1 . 0  1 8 5 . 4  1 8 9 . 9  1 9 4 . 9 2 00 . 0  
1 3 1 0 0 . 0 1 1 3 . 6 1 2 5 . 8 1 3 6 . 0 1 4 4 . 3 1 5 1 . 1 1 5 6 . 8 1 6 1 . 6 1 6 5 . 9  1 6 9 . 7  1 7 3 . 3  1 7 6 . 9  1 8 0 . 7  1 8 4 . 7  1 8 9 . 3  1 9 4 . 4  200 . 0  
1 4  1 0 0 . 0 1 1 7 . 0 1 3 0 . 1 4 1 . 4 1 4 9 . 3 1 5 5 . 4 1 6 0 . 3 1 6 4 . 3 1 6 7 . 7 1 7 0 . 8 1 7 3 . 8 1 7 6 . 8 1 8 0 . 0  1 8 3 , 6  1 8 8 . 1 1 9 3 . 5 200 . 0  
1 5 1 0 0 . 0 1 2 3 . 5 1 3 9 . 2 1 4 9 . 3 1 5 6 . 1 1 6 0 . 9 1 6 4 . 5 1 6 7 . 5 1 6 9 . 9  1 7 2 . 1  1 7 4 . 3  1 7 6 . 4  1 7 8 . 8  1 8 1 . 8  1 8 5 . 8  1 9 1 . 6 200 . 0  
1 6 1 0 0 . 0 1 3 7 . 9 1 5 3 . 2 1 6 0 . 6 1 6 4 , 8 1 6 7 . 6 1 6 9 . 6 1 7 1 . 1 1 7 2 , 4 1 7 3 . 5  1 7 4 . 7  1 7 5 . 8  1 7 7 . 1 1 7 8 . 9 1 8 1 . 7 1 8 7 . 1 200 . 0  
1 1 0 0 . 0  1 7 5 . 0  1 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0 1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  
3 0 8  I KE  STEP 4 . 6 1 0 2 9 9 &- 0 2  T I KE : 1 4 1 4 . 2 9 1 9  D I FKAX : 0 . 00 0 9 9 1 8 2 
1 2 3 4 5 6 7 8 9 1 0  1 1  1 2  1 3  1 4  1 5  1 6  1 7  
1 1 0 0 . 0  1 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  
2 1 0 0 . 0 1 3 7 . 8 1 5 2 . 9 1 6 0 . 2 1 6 4 , 3 1 6 7 . 0 1 6 8 . 9 1 7 0 . 4 1 7 1 . 6  1 7 2 . 8  1 7 4 . 0  i 7 5 . 2  1 7 6 . 7  1 7 8 . 5  1 8 1 . 4  1 8 6 . 9 200 . 0  
3 1 00 . 0  1 2 3 . 3  1 3 8 . 7  1 4 8 . 6  1 5 5 . 1  1 5 9 . 7  1 6 3 . 2  1 6 6 . 0  1 6 8 . 4  1 7 0 . 6  1 7 2 . 9  1 7 5 . 2  1 7 7 . 9  1 8 1 . 1  1 8 5 . 3  1 9 1 . 4  200 . 0  
4 1 0 0 . 0 1 1 6 . 6 1 3 0 . 1 1 4 0 . 3  1 4 7 , g  1 5 3 . 6  1 5 8 . 1  1 6 1 . 9  1 6 5 . 3  1 6 8 . 5  1 7 1 . 7  1 7 5 . 0  1 7 8 . 5 1 8 2 . 5 1 8 7 . 3 1 9 3 . 2 200 . 0  
5 1 0 0 . 0 1 1 3 . 2 1 2 4 , 8 1 3 4 . 5 1 4 2 . 3 1 4 8 , 6 1 5 3 . 8 1 5 8 . 3 1 6 2 . 4 1 6 6 . 4 1 7 0 . 4  1 7 4 . 4  1 7 8 . 7  1 8 3 . 3 1 8 8 . 3 1 9 3 . 9 200 . 0  
6 1 0 0 . 0 1 1 1 . 2 1 2 1 . 6 1 3 0 . 6 1 3 8 . 4 1 4 4 . 8 1 5 0 . 3 1 5 5 . 1 1 5 9 . 5 1 6 4 . 2  1 6 8 . 9 1 7 3 . 7 1 7 8 . 5 1 8 3 . 5 1 8 8 . 8 1 9 4 , 3 200 . 0  
1 0 0 . 0  1 1 0 . 0  1 1 9 . 5  1 2 8 . 1  1 3 5 . 6  1 4 2 . 0  1 4 7 . 4  1 5 2 . 1  1 5 6 . 6  1 6 2 . 0  1 6 7 . 5  1 7 2 . 9  1 7 8 . 2  1 8 3 . 5  1 8 8 . 9  1 9 4 . 4  200 . 0  
8 1 0 0 . 0  1 0 9 . 4  1 1 8 . 4  1 2 6 . 7  1 3 4 . 0  1 4 0 . 2  1 4 5 . 3  1 4 9 . 3  1 5 2 . 6  1 5 9 . 6  1 6 6 . 2  1 7 2 , 2  1 7 7 . 9  1 8 3 . 5  1 8 8 . 9  1 9 4 . 5  200 . 0  
9 1 0 0 , 0 1 0 9 . 2 1 1 8 . 1 1 2 6 . 2 1 3 3 . 4 1 3 9 . 5 1 4 4 . 3 1 4 7 . 0 1 4 5 . 2  1 5 7 . 4  1 6 5 . 4  1 7 1 . 9  1 7 7 . 8  1 8 3 . 4  1 8 8 . 9  1 9 4 , 5  200 . 0  
1 0  1 0 0 . 0  1 0 9 . 4  1 1 8 . 4  1 2 6 . 7  1 3 4 . 0  1 4 0 . 2  1 4 5 . 3  1 4 9 . 3  1 5 2 . 6  1 5 9 . 6  1 6 6 . 2  1 7 2 . 2  1 7 7 . 9  1 8 3 . 5  1 8 8 . 9  1 9 4 . 5  200 . 0  
1 1  1 00 . 0  1 1 0 . 0  1 1 9 . 5  1 2 8 . 1  1 3 5 . 6  1 4 2 , 0  1 4 7 . 4  1 5 2 . 1  1 5 6 . 6  1 6 2 . 0  1 6 7 . 5  1 7 2 . 9  1 7 8 . 2  1 8 3 . 5  1 8 8 . 9  1 9 4 . 4  200 . 0  
1 2  1 0 0 . 0  1 1 1 . 2  1 2 1 . 6  1 3 0 . 6  1 3 8 . 4  1 4 4 . 8  1 5 0 . 3  1 5 5 . 1  1 5 9 . 5  1 6 4 . 2  1 6 8 . 9  1 7 3 . 7  1 7 8 . 5  1 8 3 . 5  1 8 8 . 8  1 9 4 . 3  200 . 0  
1 3 1 0 0 . 0 1 1 3 . 2 1 2 4 . 8 1 3 4 . 5 1 4 2 . 3 1 4 8 . 6 1 5 3 . 8 1 5 8 . 3 1 6 2 . 4 1 6 6 . 4  1 7 0 . 4  1 7 4 . 4  1 7 8 . 7 1 8 3 . 3 1 8 8 . 3 1 9 3 . 9 200 . 0  
1 4  1 0 0 . 0 1 1 6 . 6 1 3 0 . 1 1 4 0 . 3 1 4 7 . 8 1 5 3 , 6 1 5 8 . 1 1 6 1 . 9  1 6 5 . 3  1 6 8 . 5  1 7 1 . 7 1 7 5 . 0 1 7 8 . 5 1 8 2 . 5 1 8 7 . 3 1 9 3 . 2 200 . 0  
. 5 1 0 0 . 0 1 2 3 . 3 1 3 8 . 7 1 4 8 . 6 1 5 5 . 1 1 5 9 . 7 1 6 3 . 2 1 6 6 . 0 1 6 8 . 4  1 7 0 . 6 1 7 2 . 9 1 7 5 . 2 1 7 7 . 9 1 8 1 . 1 1 8 5 . 3  1 9 ! . 4  2 0 0 . 0  
1 6 1 00 , 0 1 3 7 . 8 1 5 2 . 9 1 6 0 . 2 1 6 4 . 3 1 6 7 . 0 1 6 8 . 9 1 7 0 . 4 1 7 1 . 6  1 7 2 . 8  1 7 4 . 0  1 7 5 . 2  1 7 6 . 7  1 7 8 . 5  1 8 1 . 4  1 8 6 . 9 200 . 0  
1 1 0 0 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0 1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 , 0  
PUHP NO : 1 : X :  9 : Y :  9 : PUKP I NG  RATE : 2 1  : DRAWDOWN : 1 7 . 2 9 4 6 5  
.AP ND X V . 1 
) ornp"\..1 t 0"\..1 p"\..1 
K ( I N M/H - S . r . UN ITS ) I N X-DI RECTION : 
K ( I N HIH  - S . I . UN I TS ) I N  Y - D I RECTION : 
STORATIVITY 
INF I LTRATION RATE I N  H/H  - S . l . UN ITS 
TH I S  I TH& IN IT IAL  CONDTION 
. O O S  
. O OS  
. 0 0 0000 3  
o 
f o r  We I I No . 1 4  
1 2 3 4 S 6 7 8 9 1 0  1 1  1 2  1 3  1 4  I S  1 6  1 7  
1 1 0 0 . 0  1 7 S . 0  1 7 S . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 S . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  
2 1 0 0 . 0  1 3 7 . 9  1 5 3 . 2  1 6 0 . 6  1 6 4 . 8  1 6 7 . 6  1 6 9 . 6  1 7 1 . 1  1 7 2 . 4  1 7 3 . S  1 7 4 . 7  1 7 S . 8  1 7 7 . 1  1 7 8 . 9  1 8 1 . 7  1 8 7 . 1  200 . 0  
3 1 0 0 . 0 1 2 3 . 5 1 3 9 . 2 1 0 . 3 1 5 6 . 1 1 6 0 . 9  1 6 4 . S  1 6 7 . 5  1 6 9 . 9  1 7 2 . 1 1 7 4 . 3  1 7 6 . 4  1 7 8 . 8 1 8 \ . 8  1 8 5 . 8  1 9 \ . 6  200 . 0  
4 1 0 0 . 0  1 1 7 . 0  1 3 0 . 8  1 4 1 . 4  1 4 9 . 3  1 5 5 . 4  1 6 0 . 3  1 6 4 . 3  1 6 7 . 7  1 7 0 . 8  1 7 3 . 8  1 7 6 . 8  1 8 0 . 0  1 8 3 . 6  1 8 8 . 1  1 9 3 . S  200 . 0  
5 1 0 0 . 0 1 1 3 . 6 1 2 5 . 8  1 3 6 . 0  1 H . 3  1 5 1 . 1 1 5 6 . 8 1 6 1 . 6 1 6 5 . 9 1 6 9 . 7 1 7 3 . 3 1 7 6 . 9 1 80 . 7 1 8 4 , 7 1 8 9 . 3  1 9 4 . 4 200 . 0  
6 1 0 0 . 0 1 1 1 . 8 1 2 2 . 7 1 3 2 . 5 1 4 0 . 9 1 4 8 . 1 1 5 4 . 2 1 5 9 . 6 1 6 4 . 4 1 6 8 . 8  1 7 2 . 9 1 7 6 . 9 1 8 1 . 0 1 8 5 . 4 1 8 9 . 9 1 9 4 . 9 200 . 0  
1 0 0 . 0  1 1 0 . 7  1 2 0 . 9  1 3 0 . 3  1 3 8 . 6  1 4 6 . 0  1 5 2 . 5  1 5 8 . 2  1 6 3 . 3  1 6 8 . 1  1 7 2 . 5  1 7 6 . 9  1 8 1 . 2  1 8 5 . 7  1 9 0 . 3  1 9 5 . 1  20 0 . 0  
8 1 0 0 . 0  1 1 0 . 2  1 1 9 . 9  1 2 9 . 1  1 3 7 . 3  1 4 4 . 8  1 5 1 . 4  1 5 7 . 3  1 6 2 . 7  1 6 7 . 7  1 7 2 . 3  1 7 6 . 8  1 8 1 . 3  1 8 5 . 8  1 9 0 . 4  1 9 5 . 2  200 . 0  
9 1 0 0 . 0 1 1 0 . 0  1 1 9 . 6 1 2 8 . 7 1 3 6 . 9 1 4 4 , 4 1 5 1 . 1 1 5 7 . 1 1 6 2 . 5 1 6 7 . 5 1 7 2 . 2 1 7 6 . 8  1 8 1 . 3  1 8 5 . 9  1 9 0 . 5  1 9 5 . 2 2 00 . 0  
1 0  1 0 0 . 0  1 l 0 . 2  1 1 9 . 9  1 2 9 . 1  1 3 7 . 3  1 4 4 . 8  1 5 1 . 4  1 5 7 . 3 1 6 2 . 7 1 6 7 . 7 1 7 2 . 3 1 7 6 . 8 1 8 1 . 3 1 8 5 . 8 1 9 0 . 4 1 9 5 . 2 2 0 0 . 0  
I 1 0 0 . 0  1 1 0 . 7  1 2 0 . 9  1 3 0 . 3  1 3 8 . 6  1 4 6 . 0  1 5 2 . 5  1 5 8 . 2  1 6 3 . 3  1 6 8 . 1  1 7 2 . S  1 7 6 . 9  1 8 1 . 2  1 8 5 . 7  1 9 0 . 3  1 9 5 . 1 200 . 0  
1 2 1 0 0 . 0 1 1 \ . 8  1 2 2 . 7  1 3 2 . 5  1 4 0 . 9  1 4 8 . 1  1 5 4 . 2  1 5 9 . 6  1 6 4 . 4  1 6 8 . 8 1 7 2 . 9 1 7 6 . 9 1 8 1 . 0 1 8 5 . 4 1 8 9 . 9 1 9 4 . 9 2 0 0 . 0  
1 3 1 0 0 . 0 1 1 3 . 6 1 2 5 . 1 3 6 . 0 1 4 4 , 3 1 5 1 . 1 1 5 6 . 8 1 6 1 . 6 1 6 5 . 9 1 6 9 . 7 1 7 3 . 3 1 7 6 . 9 1 8 0 . 7  1 84 , 7  1 8 9 . 3 1 9 4 , 4  2 00 . 0  
1 4  1 0 0 . 0 1 1 7 . 0 1 3 0 . 8 1 4 1 . 4 1 4 9 . 3 1 5 5 . 4 1 6 0 . 3 1 6 4 . 3 1 6 7 . 7 1 7 0 . 8  1 7 3 . 8  1 7 6 . 8  1 8 0 . 0  1 8 3 . 6  1 8 8 . 1  1 9 3 . 5 2 0 0 . 0  
I S  1 0 0 . 0  1 2 3 . 5  1 3 9 . 2  1 4 9 . 3  1 5 6 . 1  1 6 0 . 9  1 6 4 . 5  1 6 7 . S  1 6 9 . 9  1 7 2 . 1  1 7 4 . 3  1 7 6 . 4  1 7 8 . 8  1 8 1 . 8  1 8 S . 8  1 9 1 . 6  2 0 0 . 0  
1 6 1 0 0 . 0 1 3 . 9 1 5 3 . 2 1 6 0 . 6 1 6 4 . 8 1 6 . 6 1 6 9 . 6 1 7 1 . 1 1 7 2 . 4  1 7 3 . S  1 7 4 . 7  1 7 S . 8  1 7 7 . 1 1 7 8 . 9 1 8 1 . 7 1 8 7 . 1 200 . 0  
1 1 0 0 . 0  1 7 5 . 0  1 7 S . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  
3 2 &  I E STEP 4 . 6 1 0 2 9 2& - 0 2  T I K&  : 1 5 . 0 2 9 5  D I FHAX : 0 . 0 0 0 4 8 8 2 8  
1 2 3 4 5 6 7 8 9 1 0  1 1  1 2  1 3  1 4  1 5  1 6  1 7  
1 1 0 0 . 0  1 5 . 0  1 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 S . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  
2 1 00 . 0 1 3 7 . 7 1 5 2 . 7 1 5 9 . 7 1 6 3 . 6 1 6 5 . 9 1 6 7 . 5  1 6 8 . 8 1 7 0 . 3 1 7 1 . 9  1 7 3 . 4  1 7 4 . 9  1 7 6 . 5  1 7 8 . 4 1 8 1 . 4  1 8 6 . 9 200 . 0  
3 1 00 . 0 1 2 3 . 1 1 3 8 . 2 1 4 . 7 1 5 3 . 7 1 5 7 . 6 1 6 0 . 3 1 6 2 . 5 1 6 5 . 6  1 6 8 . 8  1 7 1 . 7  1 7 4 . 6  1 7 7 . S  1 8 0 . 9  1 8 S . 2  1 9 1 . 3  200 . 0  
4 1 0 0 . 0  1 1 6 . 4  1 2 9 . 5  1 3 9 . 1  HS . 9  I S O . S  I S 3 . 4  I S 5 . 3  1 6 0 . 8  1 6 S . 9  1 7 0 . 2  1 7 4 . 2  1 7 8 . 2  1 8 2 . 4  1 8 7 . 3  1 9 3 . 2  200 . 0  
S 1 00 . 0  1 1 2 . 9  1 2 4 . 2  1 3 3 . 4  1 4 0 . 4  1 4 S . 2  1 4 7 . 5  1 4 4 . 6  1 5 6 . 4  1 6 3 . 6  1 6 9 . 1 1 7 3 . 9 1 7 8 . 6 1 8 3 . 3 1 8 8 . 4 1 9 4 . 0 200 . 0  
6 1 00 . 0  1 1 1 . 0  1 2 1 . 1  1 2 9 . 8  1 3 6 . 9  1 4 2 . 5  1 4 6 . 6  1 4 9 . 9  1 5 6 . 7  1 6 3 . 1  1 6 8 . 7  1 7 3 . 9  1 7 8 . 8  1 8 3 . 8  1 8 9 . 0  1 9 4 . 4  200 . 0  
1 0 0 . 0 1 0 9 . 9 1 1 9 . 3 1 2 7 . 8  1 3 S . 1  1 4 1 . 3 1 4 6 . 6 1 5 \ . 6  1 5 7 . 4  1 6 3 . 2 1 6 8 . 7 1 7 4 . 0 1 7 9 . 1 1 8 4 . 1 1 8 9 . 3 1 9 4 . 6 200 . 0  
8 1 00 . 0 1 0 9 . 5 1 1 8 . 5 1 2 6 . 9 1 3 4 , 4 1 4 1 . 0 1 4 6 . 9 1 5 2 . 5 1 5 8 . 1 1 6 3 . 7  1 6 9 . 0 1 7 4 . 2 1 7 9 . 3 1 8 4 . 4 1 8 9 . 5 1 9 4 . 7 200 . 0  
9 1 0 0 . 0 1 0 9 . 4 1 1 8 . 4 1 2 6 . 8 1 3 4 , 5 1 4 1 . 4 1 4 7 . 6  I S 3 . 4  1 5 8 . 9 1 6 4 , 3 1 6 9 . 5 1 7 4 . 5 1 7 9 . 5 1 8 4 , 6 1 8 9 . 6 1 9 4 . 8 200 . 0  
1 0 1 00 . 0 1 0 9 . 6 1 1 8 . 9 1 2 7 . 5 1 3 5 . 4 1 4 2 . 4 1 4 8 . 7 1 5 4 , 5 1 5 9 . 9  1 6 5 . 1 1 7 0 . 0 1 7 4 . 9 1 7 9 . 8 1 8 4 . 7 1 8 9 . 7 1 9 4 . 8 2 00 . 0  
1 1  1 0 0 . 0 1 1 0 . 3 1 2 0 . 1 1 2 9 . 0 1 3 7 . 0  1H . 1  1 5 0 . 4  1 5 6 . 0 1 6 1 . 2 1 6 6 . 0 1 7 0 . 7 1 7 5 . 3 1 8 0 . 0 1 8 4 , 7 1 8 9 . 7 1 9 4 . 8 200 . 0  
1 2 1 00 . 0 1 1 1 . 4 1 2 2 . 1 1 3 1 . 5  1 3 9 . 6  1 4 6 . 6  1 5 2 . 6  1 5 7 . 9  1 6 2 . 7  1 6 7 . 2  1 7 1 . 5  1 7 5 . 7  1 8 0 . 0 1 8 4 . 6 1 8 9 . 4 1 9 4 . 6 200 . 0  
1 3 1 0 0 . 0 1 1 3 . 4  1 2 S . 3  1 3 5 . 3 1 4 3 . 4 1 5 0 . 1 1 5 5 . 6 1 6 0 . 4 1 6 4 . 6 1 6 8 . 5 1 7 2 . 2 1 7 6 . 0 1 7 9 . 9  1 8 4 . 1  1 8 8 . 9 1 9 4 , 2 200 . 0  
1 4  1 0 0 . 0  1 1 6 . 8  1 3 0 . S  1 4 0 . 8  1 4 8 . 6  1 5 4 . 6  I S 9 . 4  1 6 3 . 4  1 6 6 . 8  1 7 0 . 0  1 7 3 . 0  1 7 6 . 1  1 7 9 . 4  1 8 3 . 2  1 8 7 . 8  1 9 3 . 4  200 . 0  
1 5 1 00 . 0 1 2 3 . 4 1 3 9 . 0 1 4 9 . 0  1 5 S . 6  1 6 0 . 4  1 6 4 , 0  1 6 6 . 9  1 6 9 . 4  1 7 1 . 6  1 7 3 . 7  1 7 6 . 0  1 7 8 . S  1 8 1 . 5  1 8 5 . 6  1 9 1 . 5  200 . 0  
1 6 1 0 0 . 0 1 3 7 . 9 1 5 3 . 1 1 6 0 . 4 1 6 4 . 6 1 6 7 . 3 1 6 9 . 3 1 7 0 . 8 1 7 2 . 1  1 7 3 . 3 1 7 4 . 4 1 7 5 . 6 1 7 7 . 0 1 7 8 . 8 1 8 1 . 6  1 8 7 . 0 200 . 0  
1 7  1 0 0 . 0  1 7 S . 0  1 7 S . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 5 . 0  1 7 S . 0  1 7 5 . 0  1 7 5 . 0  1 7 S . 0  1 7 S . 0  1 7 5 . 0  1 7 5 . 0  
PU P O : 1 : X :  8 : Y :  1 3  : PUKPING  RATE : 2 2 . 2 : DRA DOWN : 1 7 . 0 5 2 9 5  
APPEND I X  V I _ 1  : 
A )  Re s � l t s o f  Co�p r e s s i �e S t r e ng t h 
o f  Co r e  S a�p l e s _ 
B )  Re s � l t s o f  Ch l o r i d e Ana l ys i s o f  
C h i p  S a�p l e s _ 
C )  Pho t o g r aphs _ 
v 
) o f  m p  
S m 1 s 
S t r e n g t h. 
F U G � O  M I O O \.. E E A S T  (U A. E . )  
G eol e c h<-1 . c o l  Kydt o l og.ca.1 a nd 
a l e d a l s  E n g i n e e r s  � n d  S u r v e y o l s  
-ruG.no .,gJ�!i ( " t ' t ' l ) �J'J I �� �>-' ��I �L-.-.;. r.,.......k � uJ-......... 
U.>--"'L-.....J J I � I J  . � I J  
CORE COMPRES S IVE S TRENGTH T E S T  A / 5 7 7 / 9 0  
a .  I de n t i f i c a t i on o f  S pe c ime n 
b .  C o n d i t io n  o f  s pe c im e n  when 
r e c e ived 
c .  D a te o f  r e c e i p t  o f  S pe c ime n 
d .  Ave r a g e  d i amete r 
e .  Maximum & minimum l e ng th a s  
r e c e i v e d .  O r i e n t a t i on . 
f .  D e n s i ty o f  spe c im e n  
g .  Leng th a f ter p r e p a r a t i o n  
a n d  l o ca t ion i n  r e l a ti o n  
t o  t h e  l e ng th r e c e i ve d  
h .  M e t ho d  o f  e nd p r e p a r a t i on 
i .  Compa c t ion of c o n c re te ,  
d i s tr ib u t ion o f  m a te r i a l s , 
c l as s i f i c a t ion o f  v o i ds 
a n d  p r e s ence o f  c r a ck s  
j .  D a te o f  t e s t 
k .  Age o f  s p e cime n a t  d a t e  o f  
t es t  
1 .  L e n g t h  o f  t ime s p e c imen was 
s to r e d  in wa t e r  b e f o r e  
s tr e n g t h  te s t i n g . 
m .  Max imum load o f  f a i lure 
n .  Me a s u r e d  compre s s i v e  
s t r e ng th a n d  e s t im a t e d  
i n- s i tu cube s tr e ng th 
o .  Appe a r a n ce o f  c o n c r e t e  and 
type of f r a c t u r e  
p .  S i z e , pos i tion a n d  s p a c i ng 
o f  a ny r e i n fo r c e me n t  
q .  D e s c r i p tion of a g g re g a te 
i nc l u d i ng maximum s i z e ,  
g r oup c l a s s i f i c a t i o n  
p a r t i c l e sh ape 
C o r e  N o . 1 ,  C o l umn N o . 1 
B r ok e n  a t  ab o u t  6 0mm f rom t op 
2 7 / 2 / 1 9 9 0  
7 2 mm 
1 8 0 mm  a n d  1 7 0 mm 
H o r i z on t a l  
2 4 1 0 k g /m 3 ( vo lum e  de t e rm i n e d  cy 
w a t e r  d i s p l aceme n t )  
T op 7 0 mm t ri mm e d  o f f .  
9 4 mm .  
S p e c im e n  tr immed w i th d i amond s a W  
a nd c a p p e d  w i th ceme n t  s and mort a r 
a s  pe r B S  : 1 8 8 1  p a r t  1 2 0 : 1 9 8 3 . 
E x c e s s v o i d ag e  0 . 5 % .  E ve n  
d i s t r i b u t i on . B r oke n  a t  abo u t 6�. 
f r om t op . 
4 M a r c h  1 9 9 0  
4 day s  
7 2  kN 
1 7 . 5  N /mm 2 
1 9 . 5  N /mm 2 
N orm a l  
One 8mm b a r a t  6 0mm f rom t op . 
N omi n a l n a t u r a l  2 0 mm s e rp e n t i n i t� 
a l l- i n  agg r e g a t e . 
r .  O th e r  r emarks S te e l r u s t y . Abou t 2 5 mm thick 
p l a s t e r  on the t op . 
We h e r �by ce r t i f y  t h a t  the te s t  h a s  b e e n  c a r r i ed out i n  
a c c o r d a n c e  wi th B S  : 1 8 8 1 , P a r t  1 2 0 : 1 9 8 3 . 
C a rb on a t i on : N i l .  
APPE 'D I X  V I , l  ( A )  I CO T ,  
F U G R O  M I D D L E  E A S T  ( U  A E )  
GeotechnIca l  H ydlologlcal and 
A l er tals E ngIneers �nd S urveyors 
-ruCAO .,gJ�!j ( , f' . t . I )  .b-..... J 'i I J� J.? J-l 
'----'�I �L-.;. r� ..,. u>--........ 
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CORE COMP RE S S IVE S T RENGTH T E S T  A/ 5 7 7 / 9 0  
a .  I de n t i f i ca t i o n  o f  S pe c ime n 
b .  Cond i t io n  o f  s p e c im e n  when 
r e c e i v e d  
c .  D a t e  o f  r e c e i p t  o f  S p e c ime n 
d .  Ave r a g e  d i am e t e r  
e .  Max imum & m i n imum l e ng th a s  
r e c e i v e d ,  O r i e n t a t i on . 
f .  D e n s i ty o f  s pe c im e n  
g .  Le ng t h  a f te r  pre p a r a t i o n  
a n d  l o ca t i on i n  r e l a t i o n  
t o  t h e  l e ngth r e c e ived 
h .  Me t hod of end p r e p ar a t i o n  
i .  Compa c t i o n  o f  c o n c r e t e , 
d i s t r i b u t ion o f  m a t e r i a l s , 
c l as s i f i ca t i o n  o f  v o i d s  
a nd p re s e nce o f  c r a c k s  
j .  D a t e  o f  t e s t 
k .  Age o f  s pe c im e n  a t  d a t e  o f  
t e s t  
1 .  L e n g th o f  t ime s p e c ime n w a s  
s to r e d  i n  w a t e r  b e f o r e  
s tr e n g t h  t e s t ing . 
m .  l'-1 a x i mum l o a d  o f  f a i l u r e  
n .  Me a s u r e d  compre s s ive 
s tr e n g th and e s t i m a t e d  
i n- s i tu c u b e  s t re n g t h  
o .  Appe a r a n ce o f  c o n c r e t e  and 
type of f r a c t u r e  
p .  S i z e , p o s i t i o n  a n d  s p a c i ng 
o f  any r e i n f o r ce m e n t  
q .  De s c r i p t i o n  o f  a g g r e g a te 
i n c ludi ng max imLLffi s i z e , 
g r oup c l a s s i f i c a t ion 
p a r t i c l e s h ape 
r .  O th e r  r em a r k s  
C o re N o . 2 , C o l umn  N o . 2  
T op 2 0 mm l ay e r  o f  p l a s t e r  
b roke n . 
2 7 / 2 / 1 9 9 0  
7 2 mm 
1 9 0 mm and 1 8 0 mm 
H o r i z on t a l .  
2 4 0 0  kg/m 3 ( vo l ume d e t e rm i n e d  by 
w a te r d i s p l a ceme n t )  
T op 6 0mm t ri mme d o f f . 
1 0 4mm .  
S pe c ime n t r imm e d  w i th d i amond s aW 
and c a p p e d  w i th ceme n t  s and m o r t a r  
a s  pe r B S  : 1 8 8 1  p a r t  1 2 0  : 1 9 8 3 . 
E x c e s s  v o i d ag e  0 . 5 % .  Even 
di s t r i b u t i on . B r oke n  a t  2 0 mm 
f rom t o p . 
4 M a r c h  1 9 9 0  
4 day s  
1 0 2  k N  
2 5 . 0  N /mm2 
2 8 . 5  N /mm 2 
N orm a l  
N i l 
N omi n a l  n a tu ra l 2 0 mm s e rp en t i n i te 
a l l  i n  a g g re g a t e . 
C a rbon a t i on : N i l 
We h e r p. b y  c e r t i fy t h a t  the t e s t h a s  been c a r r i e d  out i n  
a c c or d a nc e  w i th B S  : 1 8 8 1 , P a r t  1 2 0 : 1 9 8 3 . 
F U G R O  M I D D L E  E A S T  ( U  A E )  
Geolechnlca l  HydrologIcal  and 
a l enals  E n g Ineers  �nd Surveyors 
A P P END I X  V I . l  ( A ) I CO T .  
-
( . r- .  t · 1 ) L......J'i 1 J� J..?-� 
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CORE COMP RES S I VE S TRENGTH TEST A / 5 7 7 /9 0 
a .  
b .  
c .  
I d e n t i f i ca t ion o f  S pe c imen 
C o nd i t i o n  of s p e c ime n when 
r e c e ived 
Da te o f  r e ce i p t  of S p e c ime n 
d .  Ave r a g e  d i am e t e r  
e .  M a x imum & m i n imum l e ng t h  a s  
r e ce i v e d . Ori e n t a t i on . 
f .  D e n s i ty o f  s pe c im e n  
g .  Leng th a f ter p r e p a r a t i o n  
a n d  l o ca t i on i n  r e l a t i on 
t o  t h e  l e ng th r e c e ived 
h .  Me thod of e nd p r e p ar a t i on 
i .  Comp a c t i o n  o f  c o n c r e t e , 
d i s t r i bu t io n  o f  m a t e r i a l s , 
c l a s s i f i ca t ion o f  v o i d s  
a n d  p re s e n ce o f  c r a c k s  
j .  D a te o f  t e s t 
k .  Age o f  s p e c ime n a t  d a t e  o f  
t e s t 
1 .  Leng th o f  t ime s pe c ime n w a s  
s to r e d  i n  w a t e r  b e f o r e  
s tr e ng t h  tes t i n g . 
m .  Max imum l oad o f  f a i lu r e  
n .  Me a s u r e d  compre s s i ve 
s t r e n g t h  and e s t im a t e d  
i n - s i tu c u b e  s t re ng th 
o .  Appe a r a n ce o f  c o n c r e t e  a nd 
ty p e  o f  f r a c t ure 
p .  S i z e ,  p o s i t i on a n d  s p a c i ng 
o f  a ny r e i n fo r c e m e n t  
q .  D e s c r i p t i o n  o f  a g g r e g a te 
i n c l udi ng max imum s i z e , 
g r oup c l a s s i f i c a t ion 
p a r t i c l e s h ape 
r .  O t h e r  r e m a r k s  
Core N o . 3 ,  C o l umn N o . 3 
B r ok e n  a t  
( p l as t e r )  
2 7/ 2 / 1 9 9 0  
9 9 mm 
about 2 0 mm f r om t op 
and a t  6 5mm f rom t op . 
1 8 5 mm a n d  1 7 0 mm 
H or i z on t a l . 
2 3 6 0  k g/m 3 ( vo lume d e t e rm i n e d  b y  
w at e r  d i sp l aceme n t )  
T op 8 0 mm t r imme d o f f .  
1 0 0 mm 
S p e c ime n t r i mmed w i th d i amond s a w  
and c ap p e d  w i t h  ceme n t  s and m o r t a 
a s  p e r  B S  : 1 8 8 1  p a r t  1 2 0 : 1 9 8 3 . 
E x c e s s v o i d ag e  0 . 5 % .  
Even d i s t r i b u t i on . B roken a t  
2 0 mm a n d  6 5mm f rom t op . 
4 M a r ch 1 9 9 0  
4 day s 
7 0  kN 
1 7 . 0  N /mm2 
1 9 . 0  N/mm2 
N o rm a l  
N i l 
N omi n a l  n a t u r a l 2 0 mm s e rp e n t i n i te 
a l l  i n  ag g r e g a t e . 
C a rbon a t i on : N i l .  
We h e r p. by c e r t i f y th a t  the te s t  h a s  b e e n  c a r r i e d  o u t  i n  
a c c or d a n c e  w i th B S  : 1 8 8 1 , P a r t  1 2 0 : 1 9 8 3 . 
F U G R O  I O D L E  E A S T  ( U  A .  E ) 
GeotechnIca l  Hyd lologlc"1  ann  
a t e , , � ls Eng lnee l s  �nd S urveyors 
A P P E  D I X  V I . 1  ( A )  ! 
( "  t '  t "  I )  L.u. J 'i 1 J� jJ-=?-� 
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CORE COMPRE S S IVE S T RENGTH TES T A- 5 7 7/ 9 0 
a .  I de n ti f i c a t i o n  o f  S pe c im e n  
b .  C o n d i t i o n  o f  s p e c ime n w h e n  
r e c e ived 
c .  D a t e  o f  r e c e i p t  o f  S pe c im e n  
d .  Ave r a g e  d i am e t e r  
e .  M a x i m um & m i n imum l e ng th a s  
r e ce iv e d . O r i e n t a t i on . 
f .  D e n s i ty o f  s pe c im e n  
g .  Leng t h  a f t e r  p r e p a r a t i o n  
a n d  l o c a t i on i n  r e l a t i on 
t o  t h e  l e ng th r e c e i v e d  
h .  1 e t ho d  o f  e n d  p r e p a r a t i o n  
i .  Comp a c t i o n  o f  c o n c re te , 
d i s t r i b u t i o n  o f  m a te r i a l s , 
c l as s i f i ca t i o n  o f  v o i d s  
a n d  p r e s e n c e  o f  c r ack s 
j . D a te o f  t e s t 
k .  A g e  o f  s pe c ime n a t  d a te o f  
t e s t  
l .  Leng t h  o f  t ime s p e c im e n  w a s  
s tore d  i n  w a t e r  b e f o r e  
s t r e n g th t e s t i n g . 
m . Ma x imum l oad o f  f a i l u r e  
n .  Me a s u r e d  comp r e s s i v e  
s tr e n g th and e s t im a t e d  
i n- s i tu cube s tr e n g t h  
o .  Appe a r a n c e  o f  c o n c r e t e  and 
ty p e  o f  f r a c t ure 
p .  S i z e , p o s i t i o n  a n d  s p a c i ng 
o f  a n y  r e i n fo r cemen t 
q .  D e s c r i p t i o n  o f  aggr e g a te 
i nc l u d i ng max imum s i z e , 
g r oup c l a s s i f i c a t i o n  
p a r t i c l e s h ape 
r .  Othe r r em a r k s  
C ore N o . 4 ,  C o lumn N o . 4 
2 0 mm t h i ck p l as t e r  l ay e r  b roke n . 
2 7 / 2 / 1 9 9 0  
7 2 mm 
2 2 5 mm a n d  2 2 0 mm 
H o r i z on t a l . 
2 3 6 0  k g/m 3 ( vo l um e  d e t e rm i n e d  � 
w at e r  d i s p laceme n t )  
T op 7 0 mm t r imme d o f f . 
1 0 2 mm 
S pe c im e n  t r i mmed w i th d i amond s a w  
a nd c a p p e d  w i th ceme n t  s and m o r t a r 
a s  p e r  B S  : 1 8 8 1  p a r t 1 2 0  : 1 9 8 3 . 
E x ce s s  v o i d a g e  0 . 5 % .  
Even d i s t r i b u t i on . 
B ro k e n  a t  2 0 mm f rom t op . 
4 Mar c h  1 9 9 0  
4 d ay s  
9 2  k N  
2 2 . 5  N /mm2 
2 5 . 5  N /mm2 
N orma l 
N i l  
N omin a l  n at u r a l  2 0mm s e rp e n t i n i t e 
a l l  i n  a g g r e g a te . 
C a rbon a t i on : N i l .  
We h e r p.by c e r t i f y  th a t  the t e s t h a s  b e e n  c a r r i e d  o u t  i n  
a c c o r d a n c e  w i th B S  : 1 8 8 1 , P a r t  1 2 0 : 1 9 8 3 . 
F U G n O  M I D D l  E ( A S T  ( U  A E )  
Geol l.'chnlca l  Hyd'olo!'l'cal and 
a l er la ls  E ngineers  �nd Surveyors 
APPE D I X  V I . l  ( A ) I CO T .  
( " f' . t "  I )  lo-...... ":/ 1  -.:;..,...:..u J.? j-i 
L...�I ..-:� r� ,) U.>--� 
u�L-......J J I � I J . � I J 
CORE COMPRE S S I V E  S T RENGTH TEST A/ 5 7 7 /9 0 
a .  I de n t i f i c a t i o n  o f  S p e c ime n 
b .  Cond i t io n  o f  s pe c ime n whe n 
r e c e i v e d  
c .  D a te o f  r e c e i p t  o f  S pe c ime n 
d .  Ave r a g e  d i ame t e r  
e .  M a x imum & m i n imum l e n g t h  a s  
r e ce ived . O r i e n t a t i on . 
f .  D e n s i ty o f  s p e c ime n 
g .  L e n g t h  a f te r  p r e pa r a t i o n  
a n d  l o c a t i o n  i n  r e l a ti on 
t o  t h e  l e ng th r e ce i ved 
h .  Me thod o f  e nd p r e pa ra t i o n  
i .  C omp a c t ion o f  c o n c r e t e , 
d i s t r i b u t i o n  o f  m a te r i a l s , 
c l as s i f i c a t i o n  o f  v o i d s  
a nd p r e s ence o f  c r a c k s  
j .  D a te o f  t e s t 
k .  A g e  o f  s p e c imen a t  d a t e  o f  
t e s t 
1 .  L e n g t h  o f  t im e  s p e c im e n  w a s  
s to r e d  i n  w a t e r  be f o r e  
s tr e n g th tes t i ng . 
m .  Haximum load o f  f a i l u r e  
n .  M e a s u r e d  compre s s ive 
s t r e n g th and e s t im a t e d  
i n- s i tu cube s t r e ng th 
o .  A p pe a r a n c e  o f  c o n c r e t e  and 
type of f r a c ture 
p .  S i z e , p o s i t ion a n d  s p a c i ng 
o f  any r e i n f o r cement 
q .  D e s c r i p tion o f  a g g r e g a te 
i n c ludi ng max imum s i z e , 
g r oup c l a s s i f i c a t ion 
p a r t i c l e shape 
r .  O th e r  remarks 
C o r e  N o . 5 ,  C o lumn N o . 9  
B roke n  a t  ab o u t  7 0 mm f rom t op 
2 7 / 2 / 1 9 9 0  
7 2 mm 
2 3 0 mm a n d  2 2 0 mm 
H ori z on t a l .  
2 4 0 0  k g / m 3 ( vo lume de t e rm i n e d  b )  
w a t e r  d i s p l acemen t )  
T op 1 0 0 mm t r i mmed o f f . 
1 0 7mm . 
S p e c ime n t r immed w i th di amond s �  
and c a p p e d  w i th ceme n t  s and mor� l 
a s  p e r  B S  : 1 8 8 1  p a r t  1 2 0 : 1 9 8 3  
E x ce s s  v o i d ag e  0 . 5 % .  
Even d i s t r i b u t i on . 
B ro k e n  a t  7 0 mm  f rom t op . 
4 M a r ch 1 9 9 0  
4 d ay s 
9 8  k N  
2 4 . 0  N/mm2 
2 7 . 5  N /mm2 
N o rma l 
N i l  
N omi n a l  n a tu r a l  2 0 mm s e rp e n t i n i te 
a l l  i n  ag g r e g a t e . 
C a rb on a t i on : N i l .  
We h e r Rby ce r t i f y th a t  the t e s t  h a s  be e n  c a r r i ed out i n  




















1 0  
1 1  
Lo c a t i o n  
C o lwnn 1 a t  0 . 3 m he i g h t  
o u t  s i de . 
c o l umn 1 i n s i d e  o f  
c o re 1 a t  0 . 4 m .  
c o lwnn 1 a t  1 .  O m  
ou t s i d e . 
C c l wnn 2 a t  O .  4 m  
i n s i d e  o f  c o r e . 
C o lwnn 3 a t  O .  3m 
out s i de . 
c o lwnn 3 a t  0 . 4 m 
i n s i de o f  c o re 
Co l umn 4 a t  r o o f  l e v e l 
C o l wnn 4 a t  0 . 7 m 
i n s i de o f  c o r e  
C o l wnn 6 a t  roo f leve l 
C o lumn 8 at 0 . 2m 
o u t s i de 
C o l wnn 9 a t  0 . 2 m 
o u t s i de 
% Ch lo r i d e  a s  C l  
Con c r e te C o n d i t i o n  by w e i g h t o f  d ry 
c o n c r e t e  
R i s k  L e v e l 
C o n cre t e  c r a c k e d , s t e e l  
ru s ty . 0 . 7 2 H i g h  
L o o k s  a l r i gh t  0 . 0 9  M e d i wn 
C o n c r e t e  c r ack e d , 
0 . 2 0 H i g h  s t e e l r u s ty . 
L o o k s  a l r i g h t  0 . 0 1  I ns i g n i f i c a n t  
C o n c r e t e  c r a c k e d  0 . 4 0 H i gh 
L o o k s  a l r i g h t  0 . 0 7  M e d i wn 
L o o k s  a l r i g h t  0 . 0 4 L ow 
L o o k s  a l r i gh t  0 . 0 1 I n s i g n i f i c a n t  
L o o k s  a l r i g ht 0 . 0 4 Low 
C o n c r e t e  c r a c k e d , 
s t e e l r u s ty . 0 . 7 5 H i gh 
C o n c r e t e  c r a c k e d  
1 .  0 1  H i gh s t e e l r u s t y . 
J ' 
APPEN D I X  V I  _ 1 13 )  R e s u l t s o f  Ch l o r i d e An a l y s i s o f  C h i p  S amp l e s 








S amp le 
N o  
1 2  
1 3  
1 4  
1 5  
1 6  
L o c a t i o n  
C o l wnn 9 a t  0 . 4 m 
i n s i d e  o f  c o r e  
c o l wnn 9 a t  1 .  O m  
ou t s i de . 
C o l umn 9 a t  1 . 5 m 
o u t s i de 
C o l umn 1 0  r o o f  
c o l wn n  1 g rour.d l e v e l 
. . 
T e s t s  made o n  con cre t e  d 
'6 Ch lo r i d e  a s  C l  
Con c r e te C o n d i t i o n  by w e i g h t  o f  d ry Ri S K  L e ve l 
c o n c r e t e  
Look s a l r i g h t  0 . 0 7  Low 
C on c r e t e  c r ac k e d , 
s t e e l  r u s ty 0 . 2 2 H i gh 
C o n c r e t e  c r a c k e d  
s t e e l  r u s ty . 0 . 2 4 H i gh 
L o o k s  a l r i g h t  0 . 0 6 Me d i wn  
.C l ay e y  SAND s oi 1 1 .  6 4  H i gh 
( BS 8 1 2  p a r t  4 ) 
s t  s amp l e s  a s  p e r  BS 1 8 8 1. f a r t  1 2 4 : 1 9 8 8  
APP END I X  V I . l  ( B )  I CONT . �------�------------------------------------------------------------------------------------------------------------------
A 
) h t. og r  p h s  
P h ot og raph 
vi ew o f  the 
s howi n g  the 
uni t on the 
b as e oot the 
Photograph 
1 i s  a " genera l 
bui lding ; 
a i r  cond i t i oni n g  
� i gh t  and the 
mas t on the l e f t  
2 o f  column 1 duri n g  c o ri n g , showi ng s eve r e  c ra cki ng :  
__________ A_/_5_7_7_/_9_0 ______________ � ______________________________ � 
!:t:' "­lJl ---.I ---.I "­\.0 o 




I�li. · I � " 
r .  
Photog r aph 3 o f  c o l umn I ,  s h ow i n g  
rus ty s t ee l expos e d  a t  1 . 0m above 
g round leve l .  
P h o t og r aph 4 o f  column 9 ,  s howing 
cr acking up t o  about 1 . 7m above 
, g round leve l .  
, 
P h o t o g r aph 6 s how i n g  s ev e r e  p hy s i c a l  d i s tre s s  
t o  t h e  con c r et e  s upp o r t i ng t h e  A . C .  s t r�c t ure . 
� _______ A_/_5_7_7_/_9_0 _______________ �G� ______ � ____________________ � 
",' , -
P h o t o g r ap h  
7
, s h ow i n g  s ev e r e  p hy s i c a l  d i s t r e s s  
t o  t h e  s te p s  f r om s a lt a t t a ck . N o t e  t h e  e xpos ed 
s t e e l . 
-�' ... :,�  \ '  - . 
� � I{ . �-;- -�  _ _ s '" t:' 
I 





P ho t o g r aph 8 ,  s h owi n g  s evere p hy s i c a l ' d i s t re s s  
t o  t h e  s ur f a ce c o n cr e t e  m a nh o l e  s urrounds . 
� ________ A_/_5_7_7_/_9_0 _______________ �G� ______________________________ � 
P h o t og r aph : 1 0  o f  c o r e  2 f r om c o l umn : 2 .  
The f r a c t u re i s  a t  t h e  leve l o f  t h e  p l a s t e r . 
L-_______________________________ �G�------------------------------� 
P h o t og r aph : 1 2  o f  c o r e  4 f rom co l umn 4 wi th t h e  
f r a c t u re a t  the l eve l o f  t h e  p l a s te r . 
� _______ A_/_5_7_7_/_9_0 ______________ �G� ____________________________ � 
P hotog r a p h : 1 3  o f  c o r e  5 f r om c o l um n  9 . 
� ________ A_/_5_7_7_/_9_0 ______________ i!rG� ____________________________ � 
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I I _ 1  P 1 �e C�� f i � r � t i �� _  
I I _ 2  P 1 �e c�� f i � r � t i �� d�r i �g 
�q� i f e r  r e s t � r � t i �� _  
I I _ 3 F��d� t i �� F� i 1 � r e s _ 
I I _ 4 s � i 1 r e s i s t � c e  � t  c��pr e s s i �� 
�s _ d eg r e e  � f  s � t � r � t i �� c�r�e _ 
I I _ 5  De e p  e � c ��� t i �� e f f e c t  � r ��d 
b� i 1 d i �g s _ 
I I _ 6 N�� � i f � r �  �� t e r t �b 1 e e f fe c t  
� f  p�p i �g and � i f � r �  � � t e r  
t �b 1 e e f f e c t  � f  d e�� t e r i �g _ 
I V _ 1 B 1 � ck c e � t r e d  ��d �e s h  c e� t r e d  
F _ D _ g r i d _ 
I V _ 2 Gr i d  t yp e  � i t h  r e sp e c t  t �  g r i d  
s p�c i �g _ 
I V _ 3 I r r e � 1 � r F _ D _  �e s h-�� t � t i �� s _ 
I V _ 4  F i e 1 d  �d ��d e 1 d��� i � _ 
S i t e p 1 � _ 
The r e 1 a t i �� b e t �e e� d i s ch�rge 
a�d d r a�d�� _ 
E� ac t 1 � c � t i �� s  � f  � 1 1 �e 1 1 s _  
Gr��d�� t e r  f 1 �� c�� t �� r  
( vve 1 1 � �  _ 7 ) _ 
Gr ��dvva t e r  f 1 �� 3 - D  
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( �e 1 1  �� _ 1 4 ) _ 
V I _ 1  B� i 1 d i � p 1 �  �d c� r e  t e s t  
1 � c � t i �� s _ 
• • 1 0 0 P r e d i c t e d 
C o n t a i n m e n t R e c o v e r y  
- - - -
S o u r c e  c e l l  We 1 1  C o n c e n t r a t i on 
G lI] " 
A c t u a l  B o u n d a r y  
G r o u n d wa t e r  
C o n c e n t r a t i o n Ce 1 1  F l ow D i r e c t i o n 
• 
C o n t a i nm e n t  
S o u r c e  c e l l  
G 
A c t u a l 
Con c e n t r a t i o n 
F I G _ I I _ 2  
• 
R e c o v e r y  
W e  1 1  
� 
B o u n d a r y  
C e l l  
- - 1 0 0 - - P r e d i c t e d 
C o n c e n t r a t i o n 
G r o u n d wa t e r  
F l ow D i r e c t i o n 
Aq� i f e r  R e s t o r a t i o� 
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DEFEC TS I N  DEEP FOUNDi  TY Oll 
9 %  
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2 5  
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1 5  
1 0  
5 . . . .. ;-. -:.:-:.�-:-- --�-----....... O L-__ --__ --__ --__ --���--__ --�------�� 
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DEGREE OF SA TURA TION 
F I G . I I . 4  
S o i l  Re s i s t an c e  a t  C o m p r e s s i on 
� s . D e g r e e  o f  S a t � r a t i o n C� r � e  
1 0 0 
�lA TER TA BLE �.....a. 
F I G - I I _ S  
D e e p  Ex c a..v- a.. t i o rt  
ED. i 1 d i n. g s  
E f f e c t  a.. :r OLl. rt d  
B UILDING PUHPING 1.... 
�r�� 
. - - - - -
1 - .- - - -1 - - - " - ­- - - - -I �  ,.. � � - -
"'-'...oCJI> "-';':;"" 
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(A ) NON UN I FORM WA TER TA BLE EFFEC T OF PUMP I NG " 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - � � - - - -
ORI GINA L  WA TER Tj� Bt..,e�� I 
f'/;l TER 
(B ) UN I FORi"f rJA TER TA BLE EFFEC T  OF DE�'lf1 TERING 
Non. Un i f o r m.  Wa t e r  Tab l e  E f f e c t  o f  
� m.p i n g and un. i f o r m.  Wa t e r  
E f f e c t  o f  D e �a t e r i ng 
T ab l e 
0 0 0 
i - 1  , j 
0 0 0 
i , j - 1  i , j i , j + 1  
0 0 0 
i + 1 , j  
A )  BLOCK - CENTRED GR I D  
i - l , j  
i , j - 1 i , j i , j + l  
i + 1 ,  j 
B )  M E S H  C ENTRED ( L ATT I CE )  GR I D  
F I G _  I V  _ 1 
B 1 0 c k  C e � t r e d  a � d  M e s h  
C e � t r e d F _ D _  G r i d  
DY·  1 
v 1 
A )  I RREGULAR GR I D :  
DY DY 




C )  SQUARE GR I D  





OXj + l 
DXj  






G r i d  T y p e  � i t h  r e s p e c t  t o  









i , j - 1  
F I G _  I V  _ 3 
x 
i - I ,  j 
i - j  i , j + 1  
i + 1 , j 
I r r e gu 1 a r F _ D _  Me s h  ( No t a t i o�s ) 
j = l  j = 2  j = 3 
= 
= 2 I = 
1 = 3 I = 2 
= Ny  + 1 I = Ny  
i = Ny  + 2 
NOTE S : 
Y 
J = l J = 2  
1111 I II > I / ' I 
� �/ 
[; 
// L I / 
\ if 
/L/ L / I" 
V ///.' / / /1///1/// '1//,1/ " V // / '1/ 
( 1 )  C ap i t a l  l e t t e r s  a r e  f o r  f i e l d  doma i n .  
( 2 )  Sma l l l e t t e r s  a r e  f o r  mod e l doma i n . 
F I G _  
F i e 1 d  � � d  M o d e 1 D o � � i �  
j = N x + 1 j = Nx + 2  
J = Nx 
I X 
/ 
'" 7"-'::,- ::> � 
/� �� 
// 
/ L � 
2668 000 N 
2660 000 N 
375 000 E 
Aln In tercon tinen tal H otel 
AI Jaww P l ain 
Scale 
a 2.5 KILOMETERS 
L __ r - - -, 
a 2.5 MILES 
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.. PROJECT WELL DRIUED BY GROUND 
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WATER DEPARTMENT AND NUMBER 
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F I G _ V _ 2 
1 0  1 2  1 4  1 6  1 8  
D I SC H ARGE M3 /HR 
20 
T h e  Re l a t i on b e t �e e n  D i s c ha r g e  
a n d  D r a-w-do� 
22 24 
1 6 , 0 0 0  1 7  
1 5 , 0 0 0  1 6  
1 4  , 0 0 0  I S 20 6 . 3  
1 J , 00 0  1 4  
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Q) 1 1 , 0 0 0  
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1 2  
' M  
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1 0 , 0 0 0  
2 5 8 . 7  
1 1  
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' 0  1 1  
3 0 6 . 0  





3 1 8 . 4 
3 0 6 . 0  
J 2 1 . 9  
/ 
3 4 0 . 5  
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3 0 3 . 4  
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�  
1 2  I J  " I S  ' 0  1 1  
D i me n s i o n s  ( M e t e r s ) / G r i d  L i n e  N o s . 
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COL . 8  
B � i l d i �g P l an a� d Co r e  Te s t  
Lo c a t i o � s _ 

TA.BLE S : 
V _  1 Aq-u i f e r  t e s t  da.. t a.. We 1 1  # 7 _ 
V _ 2 Aq-u i f e r  t e s t  d a t a.. We 1 1  # 1 4 _ 
V _ 3 Aq-u i f e r  t e s t  da..t a.. We 1 1  # 6 _ 
V _ 4 Aq-u i f e r  t e s t  d a t a.. We 1 1  # 8 _ 
V _ 5 Aq-u i f e r  t e s t  da.. t a.. We 1 1  # 1 1 _  
V _ 6 Aq-u i f e r  t e s t  da.. t a  We 1 1  # 1 5 _ 
V I _ 1  G r o-u..:n.d-w-a t e r  q-ua.. 1 i t y _ 
TABLE V _  1 
Aq� i f e r  T e s t  D a t a We 1 1  # 7 
S u bm e r g a b l e  - C a p r a r i .  Pump i n g t y p e  
Pump i n g s e t t i n g 
a t u r e  o f  t e s t 
S t a t i c  w a t e r  l e v e l 
3 6 0  ( f  t b e l o w M P )  . 
Ma x i mum P r o d . T e s t . 
H e i g h t  o f  m e a s u r i n g p o i n t : 
2 5 . 0 5 ( m  b e l o w MP ) . 
( m  a b o v e  I s ) . 
Da t e  E l a p s e d t i m e  Wa t e r D r a w-
a n d  s i n c e  p u mp i ng l e v e l d o wn 
T i m e - - - - - - - - - - - - - - ( m e t e r 
B e g a n  s t o p p e d  b e l o w s C m )  
t ( m i n )  t I ( m i n ) M P )  
2 9 / 9 / 8 9  0 . 0  2 5 . 0 5 0 . 0 0 
0 . 5  2 6 . 1 7 1 .  1 2  
1 . 0 2 7 . 0 7 2 . 0 2 
1 . 5 2 7 . 9 5 2 . 9 0 
2 . 0  2 8 . 7 9 3 . 7 6 
2 . 5  2 9 . 6 9 4 . 6 4 
3 . 0  3 0 . 5 2 5 . 4 7 
4 . 0  3 2 . 0 4 6 . 9 9 
5 . 0  3 3 . 4 9 8 . 6 6 
6 . 0  3 4 . 9 3 9 . 8 8 
8 . 0  3 7 . 4 9 1 2 . 6 6 
1 0 . 0  3 9 . 8 4 1 4 . 7 9 
1 2 . 0  4 2 . 1 0 1 7 . 0 5 
1 4 . 0  4 4 . 0 4 1 8 . 9 9 
1 6 . 0  4 5 . 9 7 2 0 . 9 2 
1 8 . 0  4 7 . 8 0 2 2 . 7 5 
2 0 . 0  4 9 . 4 9 2 4 . 6 6 
2 5 . 0  5 3 . 1 8 2 4 . 1 3 
3 0 . 0  5 6 . 4 5 3 1 . 4 0 
3 5 . 0  5 8 . 5 0 3 3 . 4 5 
4 0 . 0  5 8 . 5 2 3 3 . 4 7 
4 5 . 0  5 8 . 5 0 3 3 . 4 5 
5 0 . 0  6 1  . 8 3 3 6 . 7 8 
6 0 . 0  6 7 . 8 4 4 2 . 7 2 
D i s c h a r g e 
Q ( m 3 / h )  
2 2 . 9  
2 1 . 4  
2 0 . 3  
2 0 . 3  
1 8 . 0  
1 4 . 7  
T A B L E  V . 1 I CO T .  
7 5 . 0  7 2 . 9 7  4 7 . 9 2 1 4 . 0  
8 0 . 0  7 7 . 5 4 5 0 . 9 1 1 3 . 2  
9 2 . 0  8 1 . 8 6 5 6 . 3 1  
1 0 0 . 0  8 4 . 7 3 5 9 . 6 8 1 0 . 6  
1 2 0 . 0  9 0 . 4 0 6 2 . 1 1  8 . 7  
1 4 0 . 0  9 4 . 8 7 6 9 . 8 2 6 . 4  
1 4 5 . 0  9 5 . 7 6 7 0 . 1 1  
1 5 0 . 0  9 6 . 6 0 7 1 . 5 5  6 . 4  
1 6 0 . 0  9 8 . 1 5 7 3 . 1 0 5 . 7  
1 7 0 . 0  9 9 . 5 2 7 4 . 4 2 5 . 0  
1 7 5 . 0  1 0 0 . 0 1 7 4 . 9 4 5 . 0  
1 7 6 . 0  1 0 0 . 1 6  7 5 . 4 0 
t i t ' 1 0 5 . 5  0 . 0  1 0 0 . 3 0 7 6 . 9 0 pump i n g e nd 
r e c o v . s t a r t  
3 5 3 . 0  1 7 6 . 5  0 . 5  9 9 . 5 3 7 6 . 4 8 
1 7 7 . 0  1 7 7 . 0  1 . 0 9 9 . 8 5 7 3 . 8 0 
1 1 8 . 3  1 7 7 . 5  1 . 5 9 8 . 1 6  7 3 . 1 1  
8 9 . 0  1 7 8 . 0  2 . 0  9 7 . 4 6 7 2 . 4 1 
7 1 . 4  1 7 8 . 5  2 . 5  9 6 . 8 3 7 1 . 7 8 
5 9 . 6  1 7 9 . 0  3 . 0  9 6 . 1 4  7 1  . 0 9 
4 5 . 0  1 8 0 . 0  4 . 0  9 4 . 8 0 6 9 . 7 5 
3 6 . 2  1 8 1  . 0  5 . 0  9 3 . 4 6 6 8 . 4 1  
3 0 . 3  1 8 2 . 0 6 . 0  9 2 . 2 0 6 7 . 1 5 
2 6 . 1 1 8 3 . 0  7 . 0  9 1 . 0 0 6 6 . 0 0 
2 3 . 0  1 8 4 . 0  8 . 0  8 9 . 6 1  6 4 . 5 6 
2 0 . 5  1 8 5 . 0  9 . 0  3 8 . 4 3 6 3 . 3 8 
1 8 . 6  1 8 6 . 0  1 0 . 0  8 7 . 1 3 6 2 . 0 8 
Aq � i f e r  Te s t  D a t a  We l l  # 1 4  
Pump i n g t y p e  
Pump i n g s e t t i n g 
a t u r e  o f  t e s t  
S t a t i c  wa t e r  l e v e l 
H e i g h t  o f  m e a s u r i n g p o i n t : 
E l a p s e d t i m e  
Da t e  s i n c e  p ump i n g 
and - - - - - - - - - - - - - -
T i m e b e g a n  s t o p p e d  
t ( m i n ) t ' ( m i n ) 










1 0  
1 5  
2 0  
2 5  
3 0  
3 5  
4 0  
4 5  
5 0  
5 5  
6 0  
6 5  
7 0  
7 5  
8 0  
8 5  
Ca p r a r i .  1 5  H . P . 
4 0 0  
C . D . T .  
2 8 . 9 7 
0 . 9 7 
( f t  b e l o w M P ) . 
( m  b e l o w MP ) . 
( m  a b o v e  I s ) . 
Wa t e r  D r a w d o w n  
l e v e l 
( m e t e r  s C m )  
b e l o w 
M P )  
2 8 . 9 7 0 . 0 0 
3 1  . 6 2 2 . 6 5 
3 3 . 2 5 4 . 2 8 
3 4 . 5 0 5 . 5 3 
3 5 . 9 5 6 . 9 8 
3 7 . 0 2 8 . 0 5 
3 8 . 1 0 9 .  1 3  
3 9 . 1 3 1 0 .  1 6  
4 0 . 0 6 1 1  . 0 9 
4 0 . 9 8 1 2 . 0 1  
4 1  . 6 7 1 2 . 7 0 
4 5 . 0 5 1 6 . 0 8 
4 6 . 3 8 1 7 . 4 1 
4 7 . 8 0 1 8 . 8 3 
4 7 . 4 0 1 8 . 4 3 
4 7 . 2 0 1 8 . 2 3 
4 7 . 2 5 1 8 . 2 9 
4 7 . 7 1  1 8 . 7 4 
4 7 . 8 8 1 8 . 9 1 
4 8 . 2 6 1 8 . 2 9 
4 8 . 5 5 1 9 . 2 9 
4 8 . 6 6 1 9 . 5 8 
4 8 . 7 8 1 9 . 7 3 
4 9 . 0 5 2 0 . 0 8 
4 9 . 3 0 2 0 . 3 3 
4 9 . 6 5 2 0 . 4 8 
D i s c h a r g e  
Q ( m3 / h )  
2 2 . 2  
2 2 . 9  
T A B  E V . 2 I CO T .  
9 0  4 9 . 6 0 2 0 . 6 3 
9 5  4 9 . 7 5 2 0 . 7 8 
1 0 0 4 9 . 9 5 2 0 . 9 8 
1 5 0 5 0 . 8 0 2 1  . 8 3 
2 0 0  5 1  . 3 0 2 2 . 3 3 
2 5 0  5 1  . 6 4 2 2 . 6 7 
3 0 0  5 1  . 9 2 2 2 . 9 5 
3 5 0  5 2 . 2 7 2 3 . 3 0 
4 0 0  5 2 . 3 0 2 3 . 3 3 2 2 . 5  
t i t ' 4 6 0 0 5 2 . 3 3 2 3 . 3 6 pump i n g e nd 
r e e D v . s t a r t  
4 6 1  . 0  4 6 1  1 4 8 . 1 5 1 9 .  1 8  
2 3 1 . 0  4 6 2  2 4 4 . 2 0 1 5 . 2 3 
1 5 4 . 3  4 6 3  3 4 0 . 6 0 1 1  . 6 3 
1 1 6 . 0  4 6 4  4 3 7 . 7 5 8 . 7 8 
9 3 . 0  4 6 5  5 3 4 . 6 4 5 . 6 7 
7 7 . 6  4 6 6  6 3 2 . 1 8 3 . 2 1 
6 6 . 7  
I 
4 6 7  7 3 0 . 7 5 1 .  7 8  I 
5 8 . 5  4 6 8  8 2 9 . 7 7 0 . 8 0 
4 7 . 0  4 7 0 1 0  2 9 . 2 5 0 . 2 8 
3 1 . 6  4 7 5  1 5  2 9 . 1 9 0 . 2 2 
2 4 . 0  4 8 0  2 0  2 9 . 1 6 0 . 1 9  
1 9 . 4  4 8 5  2 5  2 9 . 1 6 0 . 1 9  
1 6 . 3  4 9 0 3 0  2 9 . 1 5 0 . 1 8  
1 4  . 1 4 9 5 3 5  2 9 . 1 4 O .  1 7  
1 2 . 5  5 0 0  4 0  2 9 . 1 3 O .  1 6  
1 1 .  2 5 0 5  4 5  2 8 . 1 3 0 . 1 6  
1 0 . 2  5 1 0  5 0  2 9 . 1 2 0 . 1 5  
8 . 6  5 2 0  6 0  2 9 . 1 2 0 . 1 5  
7 . 5  5 3 0  7 0  2 9 . 1 1  0 . 1 4  
5 . 4  5 6 5  1 0 5 2 9 . 0 9 O .  1 2  
4 . 4  5 9 5  1 3 5 2 9 . 0 8 O .  1 1  
3 . 5  6 4 0  1 8 0 2 9 . 0 7 O .  1 0  
T L 
Aq� i f e r  Te s t  D a t a We l l  # 6 
Pump i n g t y p e  
Pump i n g s e t t i n g 
a t u r e  o f  t e s t  
S t a t i c  w a t e r  l e v e l 
H e i g h t  o f  m e a s u r i n g p o i n t : 
Da t e  E l a p s e d t i m e  
a n d  s i n c e  pump i n g 
T i m e - - - - - - - - - - - -
B e g a n  S t o p p e d  
t ( m i n ) t I ( m i n )  
7 / 1 0 / 8 9  0 . 0  
@ 9 :  1 5  
0 . 5  
1 . 0 
1 . 5 
2 . 0  
2 . 5  
3 . 0  
3 . 5  
4 . 0  
5 . 0  
6 . 0  
7 . 0  
8 . 0  
9 . 0  
1 0 . 0  
1 2 . 0  
1 4 . 0  
0 9 3 1 1 6 . 0  
0 9 3 3  1 8 . 0  
0 9 3 5  2 0 . 0  
0 9 4 0  2 5 . 0  
0 9 4 5  3 0 . 0  
0 9 5 0 3 5 . 0  
0 9 5 5  4 0 . 0  
C a p r a r i  S u bm . pump 1 5  H . P .  
4 6 2  ( f t  b e l o w t o p o f  c a s i n g ) . 
M a x . P r o d . T e s t . 
1 9 . 1 6  ( m  b e l o w M P ) . 
0 . 5 3 ( m  a b o v e  I s ) . 
Wa t e r D r a w d o w n  D i s c h a r g e 
l e v e l 
Q ( m3 / h )  ( m e t e r s C m )  
b e l o w MP ) 
1 9 .  1 6  0 . 0 0 
2 1 . 0 0  1 .  8 4  
2 2 . 8 3 3 . 6 7 
2 4 . 3 3 5 . 1 7 
2 5 . 8 0 6 . 6 4 2 3 . 2  
2 7 . 2 0 8 . 0 4 
2 8 . 8 0 9 . 6 4 
3 0 . 3 2 1 1  . 1 6 
3 1  . 8 7 1 2 . 7 1 
3 4 . 9 1 1 5 . 7 5 
3 8 . 0 0 1 8 . 8 4 
4 0 . 9 7 2 1  . 8 1  
4 3 . 9 3 2 4 . 7 7 
4 6 . 7 8 2 7 . 6 2 2 0 . 3  
4 9 . 6 3 3 0 . 4 7 
5 4 . 9 7 3 5 . 8 1  
6 0 . 3 0 4 1  . 1 4  
6 5 . 2 9 4 6 . 1 3 1 8 . 5  
7 0 . 0 8 5 0 . 9 2 
7 4 . 7 2 5 5 . 5 6 1 7 . 7  
8 6 . 5 7 6 7 . 4 1  
9 5 . 7 0 7 6 . 5 4 1 5 . 6  
1 0 2 . 9 7 8 3 . 8 1  1 4 . 0  
1 1 0 . 5 3 9 1  . 3 7 1 2 . 3  
T A B L E  V . 3 ! CO T .  
1 0 0 0  4 5 . 0  1 1 6 . 4 5 9 7 . 2 9 
1 0 0 5  5 0 . 0  1 2 0 . 7 8 1 0 1 . 0 2 9 . 8  
1 0 1 0  5 5 . 0  1 2 2 . 9 5 1 0 3 . 7 9 8 . 4  
1 0 1 5  6 0 . 0  1 2 5 . 0 3 1 0 5 . 8 7 7 . 1 
1 0 2 5  7 0 . 0  1 2 7 . 3 6 1 0 8 . 1 2  
1 0 3 5  8 0 . 0  1 2 8 . 3 9 1 0 9 . 2 3 5 . 9  
1 0 4 5  9 0 . 0  1 2 8 . 9 8 1 0 9 . 8 2 5 . 6  
1 0 5 5  1 0 0 . 0  1 2 9 . 3 0 1 1 0 . 1 4  5 .  1 
1 1 1 5 1 2 0 . 0  1 2 9 . 3 7 1 1 0 . 2 1  4 . 9  
1 1 3 5  1 4 0 . 0  1 2 9 . 4 7 1 1 0 . 3 1  5 . 1 
1 1 5 5  1 6 0 . 0  1 2 9 . 5 3 1 1 0 . 3 7 4 . 8  
1 2 1 5  1 8 0 . 0  1 2 9 . 5 3 1 1 0 . 3 7 5 . 0  
1 2 3 5  2 0 0 . 0  1 2 9 . 5 5 1 1 0 . 3 9 4 . 8  
1 2 5 5  2 2 0 . 0  1 2 9 . 6 4 1 1 0 . 4 8 4 . 8  
1 3 1 5  2 4 0 . 0  1 2 8 . 7 0 1 1 0 . 5 4 4 . 8  
1 3 3 5  2 6 0 . 0  1 2 9 . 7 3 1 1 0 . 5 7 4 . 8  
1 3 5 5  2 8 0 . 0  1 2 9 . 8 0 1 1 0 . 6 4 4 . 8  
1 4 1 5  3 0 0 . 0  1 2 9 . 9 0 1 1 0 . 7 4 4 . 8  
1 4 4 5  3 3 0 . 0  1 2 9 . 4 2 1 1 0 . 8 0 4 . 6  
1 5 1 5  3 6 0 . 0  1 2 9 . 1 3  1 1 0 . 8 2 4 . 9  
1 5 4 5  3 9 0 . 0  1 2 9 . 7 4 1 1 0 . 8 4 4 . 6  
1 6 0 0  4 0 5 . 0  1 2 9 . 5 3 1 1 0 . 8 6 4 . 0  
1 6 1 5  4 2 0 . 0  1 2 9 . 4 5 1 1 0 . 8 8 4 . 8  
1 6 3 0  4 3 5 . 0  1 2 9 . 7 1 1 1 0 . 9 0 4 . 8  
1 6 4 5  4 5 0 . 0  1 2 9 . 9 6 1 1 0 . 9 2 4 . 8  
1 7 0 0  4 6 5 . 0  1 3 0 . 1 2  1 1 0 . 9 4 
1 7 1 5  4 8 0 . 0  1 3 0 . 3 0 1 1 0 . 9 6 
'TABL 
Aq� i f e r  'Te s t  Da t a We l l  # 8 
Pump i n g t y p e  
Pump i n g s e t t i n g 
a t u r e  o f  t e s t  
S t a t i c  w a t e r  l e v e l 
H e i g h t  o f  m e a s u r i n g p o i n t : 
Da t e  E l a p s e d t i m e  
and s i n c e  pump i n g 
T i m e - - - - - - - - - - - - -
b e g a n  s t o p p e d  
t ( m i n ) t ' ( m i n )  
1 0 / 2 / 9 2  0 . 0 0 
@ 6 :  1 5  
0 . 2 5 
0 . 5 0 
0 . 7 5 
1 .  0 0  
1 .  5 0  
2 . 0 0 
2 . 5 0 
3 . 0 0 
4 . 0 0 
5 . 0 0 
6 . 0 0 
7 . 0 0 
8 . 0 0 
9 . 0 0 
1 0 . 0 0 
1 2 . 0 0 
1 5 . 0 0 
1 8 . 0 0 
2 0 . 0 0 
2 5 . 0 0 
3 0 . 0 0 
1 0  H . P .  S u bme r g a b l e .  
2 6 0 ( f t  b e l o w MP ) . 
Y i e l d  T e s t ( 1 2 h r s . ) . 
2 9 . 6 9 ( m  b e l o w MP ) . 
0 . 4 2 ( m  a b o v e  T . O . C . ) .  
T . O . C .  = 0 . 3  m @ G . L . 
M P= 0 . 7 3 m @ G . L .  
Wa t e r  D r a wd o w n  D i s c h a r g e 
l e v e l 
Q ( m3 / h )  ( m e t e r  s C m )  
b e l o w 
MP ) 
2 9 . 6 9 0 . 0 0 
3 0 . 2 0 0 . 5 1 
3 0 . 1 5 0 . 9 6 
3 0 . 9 5 1 .  2 6  
3 1 . 3 0 1 .  6 1  
3 1  . 2 2 2 .  1 9  
3 2 . 3 0 2 . 6 1  
3 2 . 3 5 3 . 1 6  
3 3 . 3 0 3 . 6 1 
3 4 . 1 0 4 . 4 1  
3 4 . 2 3 5 . 0 9 
3 5 . 4 0 5 . 7 1 
3 5 . 4 0 6 . 2 6 
3 6 . 4 0 6 . 7 1 
3 6 . 5 5 7 .  1 6  
3 7 . 2 5 7 . 5 6 
3 7 . 9 2 8 . 2 3 1 9 . 6  
3 8 . 7 6 9 . 0 7 
3 9 . 4 6 9 . 7 7 
3 9 . 8 6 1 0 .  1 7 
4 0 . 1 9 1 0 . 9 6 
4 1  . 3 2 1 1 . 6 7 1 1 9 . 7  
4 0 . 0 0 4 2 . 1 9 1 2 . 5 0 I 
5 0 . 0 0 4 2 . 8 0 1 3  . 1 1  
6 0 . 0 0 4 3 . 2 5 1 3 . 5 6 1 9 . 5  
7 0 . 0 0 4 3 . 6 3 1 3 . 9 4 
8 0 . 0 0 4 3 . 9 0 1 4 . 2 1  
9 0 . 0 0 4 4 . 1 3 1 4 . 4 4 1 9 . 6  
1 0 0 . 0 0 4 4 . 3 0 1 4 . 6 1 
1 2 0 . 0 0 4 4 . 6 1 1 4 . 9 2 1 9 . 5  
1 5 0 . 0 0 4 4 . 8 7 1 5 .  1 8  
0 9 . 1 5 1 8 0 . 0 0 4 5 . 0 5 1 5 . 3 6 
0 9 . 3 5 2 0 0 . 0 0 4 5 . 1 4 1 5 . 4 5 
1 0 . 2 5 2 5 0 . 0 0 4 5 . 2 9 1 5 . 6 0 1 9 . 4  
1 1 . 1 5 3 0 0 . 0 0 4 5 . 3 9 1 5 . 7 0 
1 2 . 0 5 3 5 0 . 0 0 4 5 . 4 8 1 5 . 7 9 
1 8 . 5 5 4 0 0 . 0 0 4 5 . 5 2 1 5 . 8 3 
1 4 . 3 5 5 0 0 . 0 0 4 5 . 5 9 1 5 . 9 0 1 9 . 3  
1 6 .  1 5  6 0 0 . 0 0 4 5 . 6 6 1 5 . 9 7 
1 7 . 5 5 7 0 0 . 0 0 4 5 . 7 5 1 6 . 0 6 
1 8 .  1 5  7 2 0 . 0 0 4 5 . 7 1 1 6 . 0 6 p um p i n g e nd 
TABLE V _ 5 
Aq� i f e r  Te s t  D a t a  We l l  # 1 1  
Pump i n g t y p e  
Pump i n g s e t t i n g 
N a t u r e  o f  t e s t 
S t a t i c  w a t e r  l e v e l 
H e i g h t  o f  m e a s u r i n g p o i n t : 
E l a p s e d t i m e  
Da t e  s i n c e  pump i n g 
1 0  H . P .  S u bm . -C a p r a r i . 
3 1 0  ( f t  b e l o w M P ) . 
M a x . P r o d . T e s t .  
2 6 . 6 7 ( m  b e l o w M P ) . 
0 . 4 2 ( m  a b o v e  I s ) . 
W a t e r  D r aw d o w n  D i s c h a r g e  
l e v e l s ( m )  
a n d  - - - - - - - - - - - - --- ( m e t e r Q ( m3 / h )  
T i m e b e g a n  s t o p p e d  b e l o w 
t ( m i n )  t '  ( m i n )  M P )  
1 5 / 1 0 / 8 9  0 . 0  2 6 . 6 7 0 . 0 0 
@ 1 2 : 0 5 
0 . 5  2 7 . 6 5 0 . 9 8 
1 . 0 2 8 . 4 0 1 .  7 3  
1 . 5 2 8 . 9 8 2 . 3 1  
2 . 0  2 9 . 4 4 2 . 7 7 
2 . 5  2 9 . 8 5 3 .  1 8  1 8 . 5  
3 . 0  3 0 . 2 8 3 . 6 1 
3 . 5  3 0 . 5 9 3 . 1 2 
4 . 0  3 0 . 9 2 5  4 . 2 5 5  
5 . 0  3 1 . 4 8  4 . 8 1  
7 . 0  3 2 . 4 0 5  5 . 7 3 5  
9 . 0  3 3 . 0 4 5  6 . 3 2 5  
1 0 . 0  3 3 . 3 0 6 . 6 3 1 4 . 7  
1 2 . 0  3 3 . 7 7 7 .  1 0  
1 4 . 0  3 4 . 0 9 7 . 4 2 
1 6 . 0  3 4 . 3 4 7 . 6 7 
1 8 . 0  3 4 . 2 7 7 . 6 0 1 6 . 6  
2 0 . 0  3 4 . 3 0 7 . 6 3 
2 5 . 0  3 4 . 4 3 7 . 7 0 1 6 . 6  
3 0 . 0  3 4 . 5 5 5  7 . 8 2 5  1 6 . 6  
3 5 . 0  3 4 . 6 3 7 . 9 6 1 6 . 6  
4 0 . 0  3 4 . 7 0 7 . 0 3 1 6 . 6  
4 5 . 0  3 4 . 5 3 7 . 8 6 1 6 . 6  
5 0 . 0  3 4 . 5 5 7 . 8 8 1 6 . 6  
' . 5  ! CO IT . 
5 5 . 0  3 4 . 6 1 5  7 . 0 4 5  1 6 . 6  
6 0 . 0  3 4 . 6 8 8 . 0 1  1 6 . 6  
7 0 . 0  3 4 . 7 7 8 . 1 0  1 6 . 6  
8 0 . 0  3 4 . 8 4 8 . 1 7  1 6 . 6  
9 0 . 0  3 4 . 9 2 8 . 2 5 1 6 . 6  
1 0 0 . 0  3 5 . 0 1 8 . 3 4 1 6 . 6  
1 2 0 . 0  3 5 . 1 6 8 . 4 9 1 6 . 6  
1 4 0 . 0  3 5 . 2 7 8 . 6 0 1 6 . 6  
1 6 0 . 0  3 5 . 4 0 8 . 7 3 1 6 . 6  
1 8 0 . 0  3 5 . 5 4 8 . 8 7 1 6 . 6  
2 0 0 . 0  3 5 . 7 0 9 . 0 3 1 6 . 6  
2 2 0 . 0  3 5 . 8 9 9 . 2 2 1 6 . 6  
0 . 0  3 5 . 8 9 9 . 4 0 
0 . 5  3 4 . 5 2 7 . 8 5 
1 . 0 3 3 . 3 9 6 . 7 2 
1 . 5 3 2 . 4 1 5 . 7 4 
2 . 0  3 1  . 5 9 5 . 9 2 
2 . 5  3 0 . 9 0 4 . 2 3 
3 . 0  3 0 . 3 9 3 . 7 2 
3 . 5  2 9 . 9 9 3 . 3 2 
4 . 0  2 9 . 6 9 3 . 0 2 
5 . 0  2 9 . 2 8 2 . 6 1  
6 . 0  2 9 . 0 3 2 . 3 6 
7 . 0  2 8 . 8 5 2 . 1 8  
. 
8 . 0  2 8 . 7 2 2 . 0 5 
9 . 0  2 8 . 6 3 2 . 1 6 
1 0 . 0  2 8 . 5 5 1 .  8 8  
1 2 . 0  2 8 . 4 3 1 .  7 6  
1 4 . 0  2 8 . 3 3 1 .  7 6  
1 6 . 0  2 8 . 7 5 1 .  5 8  
1 8 . 0  2 8 . 1 9  1 .  5 2  
2 0 . 0  2 8 . 1 3  1 . 4 6 
2 5 . 0  2 8 . 0 2 5  1 · 3 5 5  
3 0 . 0  2 7 . 9 5 
3 5 . 0  2 7 . 8 8 
4 0 . 0  2 7 . 8 2 
4 5 . 0  2 7 . 7 7 
5 0 . 0  2 7 . 7 3 
5 5 . 0  2 7 . 6 9 
6 0 . 0  2 7 . 6 5 
7 0 . 0  2 7 . 5 7 
8 0 . 0  2 7 . 5 1  
T A B  V . 5  I CO T .  
1 . 2 8 
1 .  2 1  
1 .  1 5  
1 .  1 0  
1 .  0 6  
1 .  0 2  
0 . 9 8 
0 . 9 0 
0 . 8 4 
A13 V _ 6 
Aqu - f e T s t  D a  a We 1 1  # 1 5  
Pump i n g t y p e  
Pump i n g s e t t i n g 
a t u r e  o f  t e s t 
S t a t i c  wa t e r  l e v e l 
H e i g h t  o f  m e a s u r i n g p o i n t : 
E l a p s e d t i m e  
Da t e  s i n c e  p um p i ng 
a n d  - - - - - - - - - - - - - -
T i m e  B e g an S t o p p e d  
t ( m i n ) t ' ( m i n ) 
2 8 / 1 1 / 8 9  0 . 0  
@ 1 3 : 2 0 
0 . 5  
1 . 0 
1 . 5 
2 . 0  
2 . 5  
3 . 0  
4 . 0  
5 . 0  
6 . 0  
7 . 0  
8 . 0  
9 . 0  
1 0 . 0  
1 5 . 0  
2 0 . 0  
2 5 . 0  
3 0 . 0  
3 5 . 0  
4 0 . 0  
5 0 . 0  
6 0 . 0  
7 0 . 0  
8 0 . 0  
C . D . T .  
1 6 0 ( f t  b e l o w M P ) . 
W e l l  P e r f o rm a n c e  T e s t . 
2 7 . 4 3 ( m  b e l o w M P ) . 
0 . 9 0 ( m  a b o v e  I s ) . 
Wa t e r D r a w d o w n  
l e v e l 
( m e t e r s C m )  
b e l o w 
M P )  
2 7 . 4 2 5  0 . 0 0 0  
2 8 . 3 7 0 . 9 4 5  
2 8 . 9 8 1 . 5 5 5  
2 9 . 4 0 1 . 9 7 5  
2 9 . 8 0 2 . 3 7 5  
3 0 . 1 9  2 . 7 6 5  
3 0 . 5 8 3 . 1 5 5 
3 1 . 1 8 3 . 7 5 5  
3 1 . 6 5 4 . 2 2 5  
3 2 . 1 0 4 . 6 7 5  
3 2 . 5 3 5 . 1 0 5 
3 2 . 8 0 5 . 3 7 5  
3 3 . 0 8 5 . 6 6 5  
3 4 . 3 5 6 . 9 2 5  
3 4 . 3 8 6 . 9 2 5  
3 4 . 9 1  7 , 4 8 5  
3 5 . 4 2 7 , 9 9 5  
3 5 . 6 5 8 , 2 2 5  
3 5 . 8 5 5  8 . 4 3 0  
3 5 . 9 2 8 . 4 9 5  
3 6 . 0 2 5  8 . 6 0 0  
3 6 . 1 1  8 . 6 8 5  
3 6 . 2 8 8 . 8 5 5  
3 6 . 3 9 8 . 9 6 5  
D i s c h a r g e  
Q ( m3 / h )  
1 3 . 2  
1 3 . 2  
1 3 . 2  
T B L E  V . 6 ! CO T .  
9 0 . 0  3 6 . 4 7 5  9 . 0 5 0  
1 0 0 . 0  3 6 . 5 8 9 .  1 1 5 
1 1 0 . 0  3 6 . 6 9 9 . 2 6 5  
1 2 0 . 0  3 6 . 7 8 9 . 3 5 5  
1 3 0 . 0  3 6 . 8 3 9 . 4 0 5  
1 4 0 . 0  3 7 . 0 2 9 . 5 9 5  
1 6 0 . 0  3 7 . 6 7 5  1 0 . 2 5 0  
1 8 0 . 0  3 8 . 3 5 1 0 . 9 2 5  
2 0 0 . 0  3 9 . 0 2 1 1 . 5 9 5  
2 2 0 . 0  3 9 . 5 8 1 2 .  1 5 5 1 3 . 2  
t /  t ' 2 3 0 . 0  0 . 0  3 9 . 8 8 1 2 . 4 5 5  
2 3 1 .  0 2 3 1 . 0 1 . 0 3 7 . 5 6 1 0 . 1 3 5 
1 5 4 . 3  2 3 1 . 5 1 . 5  3 6 . 5 9 9 .  1 6 5 
1 1 6 . 0  2 3 2 . 5  2 . 0  3 5 . 6 2 8 . 1 9 5 
9 3 . 0  2 3 2 . 5  2 . 5  3 4 . 8 5 7 . 4 2 5  
7 7 . 7  2 3 3 . 0  3 . 0  3 4 . 3 3 6 . 9 0 5  
5 8 . 5  2 3 4 . 0  4 . 0  3 3 . 6 3 6 . 2 0 5  
4 7 . 0  2 3 5 . 0  5 . 0  3 3 . 2 1  5 . 7 8 5  
3 9 . 3  2 3 6 . 0  6 . 0  3 2 . 8 7 5 . 4 4 5  
3 3 . 8  2 3 7 . 0  7 . 0  3 2 . 5 5 5 . 1 2 5 
2 9 . 8  2 3 8 . 0  8 . 0  3 2 . 2 3 4 . 8 0 5  
2 6 . 5  2 3 9 . 0  9 . 0  3 1  . 9 4 4 . 5 1 5  
2 4 . 0  2 4 0 . 0  1 0 . 0  3 1 . 6 5 4 . 2 2 5  
1 6 . 3 2 4 5 . 0  1 5 . 0  3 0 . 3 0  2 . 8 7 5  
1 2 . 5  2 5 0 . 0  2 0 . 0  2 9 . 2 5 1 . 8 2 5  
1 0 . 2  2 5 5 . 0  2 5 . 0  2 8 . 5 3 1 . 1 0 5 
8 . 6  2 6 0 . 0  3 0 . 0  2 8 . 1 1  0 . 6 8 5  
7 . 5  2 6 5 . 0  3 5 . 0  2 7 . 9 0 0 . 4 7 5  
6 . 7 5 2 7 0 . 0  4 0 . 0  2 7 . 7 8 0 . 3 5 0  
5 . 6  2 0 0 . 0  5 0 . 0  2 7 . 6 9 0 . 2 6 5  
'TAB L V I _ 1  
G r o�d�a t e r  Q� a l i t y 
Da t e  o f  G r o u n d wa t e r S amp l e s # 1 & 3 2 7 . 0 9 . 1 9 9 3  
Da t e  o f  G r o u n d wa t e r  S amp l e s  # 2 & 4 1 7 . 1 1 . 1 9 9 3  
S amp l e  S amp l e  S a mp l e  S amp l e  
T e s t s  # 1 # 2 # 3 # 4 
We 1 1  We l l  We 1 1  We 1 1  
# 7 # 7 # 1 4  # 1 4  
Co n d u c t i v i t y  ( J,L s / cm )  1 8 0 0 . 0  1 8 5 0 . 0  3 4 0 0 . 0  3 2 0 0 . 0  
pH 8 . 6  9 . 0  8 . 0  8 . 6  
To t a l  A l k a l i n i t y 1 6 0 . 0  1 5 0 . 0  1 1 0 . 0  1 1 0 . 0  
( mg / l ) 
C a l c i u m Ca r b o n a t e  3 0 . 0  2 8 . 0  2 2 0 . 0  2 2 5 . 0  
" CaCO " ( H a r d n e s s ) 3 
( mg / l ) 
C a l c i u m " C a "  ( mg / l ) 1 2 . 0  1 1 . 0 8 8 . 0  9 0 . 0  
M a g n e s i u m " Mg " ( mg / l ) 2 7 . 0  2 8 . 0  9 2 . 0  1 1 5 . 0 
To t a l  H a r d n e s s ( m g / l )  1 4 2 . 0  1 4 3 . 0  6 0 4 . 0  6 9 8 . 0  
To t a l  D i s s o l v e d  
S o  l i d s  ( TD S ) ( mg /  1 ) 1 2 0 0 . 0  1 2 0 0 . 0  2 2 6 0 . 0  2 1 0 0 . 0  
Ch l o r i d e s  " C l " ( mg / l ) 4 5 4 . 0  4 2 5 . 0  6 3 6 . 0  6 0 2 . 0  
P o t a s s i u m " K " ( mg / l ) 1 6 . 0  1 9 . 0  1 6 . 0  1 9 . 0  
S o d i um " N a "  ( mg / l ) 9 9 . 0  8 1 . 0  6 5 0 . 0  4 4 0 . 0  
S u l ph a t e  " S04 " ( mg / l ) 2 6 0 . 0  1 6 0 . 0  6 0 0 . 0  4 0 0 . 0  
N i t r a t e  " NO " 3 ( mg / l ) 1 . 5  2 2 . 0  1 0 . 0  2 5 . 0  
To t a l  Ammo n i a  " NH " 3 
( mg i' l ) 0 . 0 4 0 . 0 1 0 . 0 4 0 . 0 1 
A l um i n i u m " A l " ( mg / l ) N i l N i l N i l N i l 
L e ad " Pb "  ( mg / I ) N i l N i l N i l N i l 
N i c k e l " N i "  ( mg / l ) N i l N i l N i l N i l 
E x . A l ka l i n i t y ( mg / l ) 1 9 . 0  7 . 0  N i l N i l 
B o r on " B " ( mg /  1 ) N i l N i l N i l N i l 
C o p p e r " Cu "  ( mg / l ) N i l N i l 0 . 0 4 0 . 0 4 
T.A13L V I  _ 1 
G r o u�d�a t e r  Qu a l i t y 
Da t e  o f  G r o u n dwa t e r  S amp l e s # 1 & 3 2 7 . 0 9 . 1 9 9 3  
Da t e  o f  G r o u n dwa t e r  S amp l e s # 2 & 4 1 7 . 1 1 . 1 9 9 3  
S am p l e  S amp l e  S amp l e  S amp l e  
Te s t s  # 1 # 2 # 3 # 4 
We 1 1  We 1 1  We 1 1  We 1 1  
# 7 # 7 # 1 4  # 1 4  
Co n d u c t i v i t y  ( � s / cm )  1 8 0 0 . 0  1 8 5 0 . 0  3 4 0 0 . 0  3 2 0 0 . 0  
p H  8 . 6  9 . 0  8 . 0  8 . 6  
To t a l  A l ka l i n i t y 1 6 0 . 0  1 5 0 . 0  1 1 0 . 0  1 1 0 . 0  
( mg / l ) 
Ca l c i u m C a r bo n a t e  3 0 . 0  2 8 . 0  2 2 0 . 0  2 2 5 . 0  
" CaCO " ( H a r d n e s s ) 3 
( mg /  1 ) 
C a l c i u m " C a "  ( mg / l ) 1 2 . 0  1 1 . 0 8 8 . 0  9 0 . 0  
M a g n e s i u m  " Mg " ( mg / l ) 2 7 . 0  2 8 . 0  9 2 . 0  1 1 5 . 0  
To t a l  H a r d n e s s ( mg / l )  1 4 2 . 0  1 4 3 . 0  6 0 4 . 0  6 9 8 . 0  
To t a l  D i s s o l v e d  
S o l i d s  ( TD S ) ( mg / l ) 1 2 0 0 . 0  1 2 0 0 . 0  2 2 6 0 . 0  2 1 0 0 . 0  
C h l o r i d e s  " c  1 " ( mg /  1 ) 4 5 4 . 0  4 2 5 . 0  6 3 6 . 0  6 0 2 . 0  
P o t a s s i u m " K "  ( mg / l ) 1 6 . 0  1 9 . 0  1 6 . 0  1 9 . 0  
S o d i um " N a "  ( mg / l ) 9 9 . 0  8 1 . 0  6 5 0 . 0  4 4 0 . 0  
S u l p h a t e  " SO/ ' ( mg /  1 )  2 6 0 . 0  1 6 0 . 0  6 0 0 . 0  4 0 0 . 0  
N i t r a t e  " NO " 3 ( mg / l ) 1 . 5 2 2 . 0  1 0 . 0  2 5 . 0  
T o t a l  Ammo n i a  " NH " 3 
( mg j l ) 0 . 0 4 0 . 0 1  0 . 0 4 0 . 0 1  
A l um i n i um " A l " ( mg / l ) N i l N i l N i l N i l 
L e ad " Pb "  ( mg / l ) N i l N i l N i l N i l 
N i c ke l  " N i "  ( mg / l ) N i l N i l N i l N i l 
E x . A l ka l i n i t y ( mg / l ) 1 9 . 0  7 . 0  N i l N i l 
B o r o n  " B " ( mg / l ) N i l N i l N i l N i l 
C o p p e r " Cu "  ( mg / l ) N i l N i l 0 . 0 4 0 . 0 4 
